Assessment of Coal Fly-Ash and Herbicides Genotoxicity and their Effect on the Molecular Dynamics of Plant Growth Promoting Rhizobacteria by Dwivedi, Sourabh
Assessment of Coal Fly-Ash and Herbicides 
Genotoxicity and Their Effect on the Molecular 
Dynamics of Plant Growth Promoting Rhizobacteria 
/ ^ 
^^ ABSTRACT 
^ OF THE " ^ - ^ \ \ 
THESIS • - :A^ \ \ 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
Boctor of $t|tlos;opt)P 
IN i 
AGRICULTURAL MICROBIOLOGY 
BY 
SOURABH DWIVEDI 
DEPARTMENT OF AGRICULTURAL MICROBIOLOGY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2010 
Ac< 
In this study, the coal fly ash (CFA) and herbicides butachlor and isoproturon have been 
thoroughly assessed as serious environmental contaminants in the agricultural fields in 
vicinity of the thermal power plant located at Kasimpur, District Aligarh (27° 29' latitude 
to 28° 11'and 72° 29' to 78° 38' longitude), Northern India. The site has been chosen in 
view of the severe environmental contamination due to heavy emissions and 
accumulation of CFA at the dumping sites surrounded by the agricultural fields with the 
possibility of slurry spills to the adjoining settlements and fields, which most likely exert 
adverse effects on soil and human health that have not been given considerable attention. 
Furthermore, CFA is also being used as soil amendment or fertilizer supplement for soil 
nutrient enrichment to improve crop productivity, besides indiscriminate application of 
agrochemicals for controlling pests and weeds. The herbicides butachlor and isoproturon 
have been selected due to their excessive-application in wheat and rice cropping system 
in the region. The study was designed to provide comprehensive and systematic 
information on the genotoxic potential of both the CFA and herbicides in vitro, 
persistence of herbicides in soil and their successful removal in soil microcosms, through 
specific microorganisms isolated from the contaminated soil. The research work in this 
study encompasses two primary interlinked components, which have been suitably sub-
divided and presented in the thesis as six independent chapters. The components include 
the (i) genotoxic assessment of CFA and the herbicides, in order to understand the 
potential threats to the environment and associated human health hazards, and (ii) 
screening, isolation and characterization of the bacteria with the potential for efficient 
biodegradation of the selected herbicides, butachlor and isoproturon from soil, evaluation 
of their auxiliary biological activities, and the molecular dynamics of the traits 
responsible for the plant growth promotion and biocontrol activities. 
The primary aim of the study was to understand the extent and mode of interactions 
of CFA and herbicides with the cellular DNA, the nature of lesions produced in DNA, 
and quantitative assessment of the DNA damage in human peripheral blood lymphocytes 
as a model for genotoxicity assessment. Other objectives were to search for some novel 
bacteria amongst the indigenous rhizospheric microbial population endowed with unique 
inherent characteristics of herbicide biodegradation, plant growth promotion and effective 
biocontrol with a long-term objective of developing efficient bioinoculants, which could 
simultaneously perform the multifarious biological activities like soil bioremediation and 
plant growth promotion. In this context, two novel bacteria have been isolated and 
characterized using biochemical and molecular tools. The two important sets of phzC&D 
and hcnB&C genes, responsible for phenazine-1-carboxylic acid (PCA) and hydrogen 
cyanide (HCN) were studied for determining the molecular diversity and phylogeny of 
the isolates, and structure-function analysis of their protein products to comprehend their 
role in molecular dynamics of the traits responsible for plant growth promotion and 
biocontrol. 
The thesis comprised of the following six chapters: The Chapter I provides the 
comprehensive review of literature on the subject; Chapter II presents the materials and 
methods in considerable detail; Chapter III describes the characterization and genotoxic 
potential of CFA; Chapter IV is on the assessment of genotoxic potential of butachlor 
and isoproturon; Chapter V is on the isolation and characterization of butachlor and 
isoproturon degrading bacteria; Chapter VI is on the assessment of auxiliary biological 
activities of bacterial strains JS-1 and JS-11 and their molecular dynamics. The data 
presented and discussed in the thesis are summarized below: 
Characterization and genotoxic potential of CFA 
• The extent and nature of heavy metals in CFA and its aqueous (Aq) and organic 
(DMSO) extracts were determined using atomic absorption spectrophotometer. The 
data revealed the abundance of heavy metals in CFA in the order as 
Fe>As>Se>Ni>Zn>Cu>Cr. The presence of arsenic, selenium and nickel at 
significantly higher levels may pose a serious concern owing to reported toxicity of 
these metals at higher concenh-ations» 
• The XRD analysis of CFA revealed the presence of quartz, mullite and iron oxide 
crystals in the form of nanoparticles of average size of 14 nm. The quartz (Si02) 
exhibited a sUong peak at 26.6° 29 value. Other strong peaks at 16.42° and 40.85° 26 
values indicated the presence of mullite, whereas, the peaks at 33.19° and 36.53° 29 
values represented iron oxide and amorphous glassy materials, respectively. 
• The scanning electron microscopic (SEM) and transmission electron microscopic 
(TEM) analyses demonstrated the presence of CFA nanoparticles of variable shapes 
and sizes in the range of 11 to 25 nm. The images revealed the dispersed nanosize 
particles as well as a number of aggregates. The agglomerated spheres and irregularly 
shaped amorphous particles were the products of interparticle fusion. 
• The Fourier transformed infrared (FTIR) spectrum of CFA showed typical bands at 
1084, 783.43 and 456.85 cm'. The bands at 1084.50 and 783.43 cm"' were attributed 
to the asymmetrical stretching vibrations and symmetrical stretching vibrations of the 
Si-O-Si groups. 
• Atomic force microscopy (AFM) has provided the information on the surface 
topography, structural morphology and particle size of CFA. The amorphous structure 
along with the embedded quartz crystallites were noticed on CFA. The average size of 
the CFA nanoparticles and roughness of surface were determined as 21 and 24 nm, 
respectively. 
• The alkaline hydrolysis of CFA treated calf thymus DNA (ctDNA) exhibited 
progressive increase in the amount of acid soluble nucleotides released upon exjx)sure 
to 0.1 and 0.5 M NaOH. At the highest DNA nucleotide-CFA molar ratio of 1:10, the 
percent hydrolysis were estimated to be 33.8 % and 78 % with 0.1 and 0.5 M NaOH, 
respectively, which suggested the development of alkali-sensitive sites in DNA upon 
exposure to CFA particles. 
• Single cell gel electrophoresis (SCGE or comet assay) of CFA treated human 
lymphocytes under alkaline conditions demonstrated the generation of single strand 
breaks in a dose dependent manner. Significantly higher DNA damage occurred with 
the CFA-DMSO extract as compared with the CFA-Aq extract. The data revealed that 
almost 50 to 70 % of cells exhibited 40-70 nm migration of DNA up to 300 ppm. 
whereas about 75-80 % cells exhibited >200 ^m of DNA fragments mobility at higher 
CFA-DMSO concentrations of 1800 and 2400 ppm, which was comparable to DNA 
migration in EMS treated positive control cells. 
• Exposure of human lymphocytes to CFA also resulted in micronuclei (MN) formation 
as monitored by cytokinesis-blocked micronucleus (CBMN) assay. Treatment with 
CFA-DMSO extract resulted in significant micronuclei formation to tlie extent of 19 ± 
3.48 and 36 ± 5.65 at 1000 and 3000 ppm, respectively compared with untreated and 
vehicle control cells. Besides, the formation of single micronucleus in lymphocytes, 
the formation of bi and multiple micronuclei were also observed in DMSO extract 
treated cells, which is indicative of CFA induced chromosomal breakage. This may be 
attributed to the direct interaction of heavy metals and the nanosized CFA with DNA 
resulting in promutagenic adduct formation, which leads to the DNA fragmentation as 
a consequence of oxidative insult. 
• The CFA induced oxidative stress has resulted in the formation of oxidative DNA 
lesions like 8-oxodG. The promutagenic 8-OHdG adducts have been significantly 
increased in CFA treated calf thymus DNA. This is presumably due to the heavy 
metals and unspecified organic substances present within and on the surface of CFA 
particles, which most likely produce free radicals in vicinity of DNA in the cells, 
ultimately leading to DNA damage and inflammation due to oxidative stress. These 
results are in agreement with the findings of other occupationally exposed groups 
exhibiting the cytogenetic changes in CFA exposed populations. 
• It is concluded that the CFA nanoparticles generates systemic oxidative stress and 
cause damage to DNA, since they have a potential to penetrate deeper into the lungs, 
cross all the barriers in the respiratory system, and enters into the circulatory system. 
The DNA lesions/adducts in cells undergo a systematic repair process, however, any 
unrepaired lesions in DNA may give rise to mutations upon DNA replication. Thus, 
the fine particles of CFA with enhanced genotoxic property due to surface adsorbed 
heavy metals and organic pollutants may act as putative mutagens and/or carcinogens, 
and could trigger the chain of events related to carcinogenesis in the CFA exposed 
population. 
Assessment of genotoxic potential ofbutachlor and isoproturon 
• Interactions of butachlor and isoproturon with calf thymus DNA were studied by 
monitoring the changes in their intrinsic fluorescence at varying butachlor and 
isoproturon-DNA molar ratios in the range of 0.1 to 2.0 and 0.1 to 1.8, respectively. 
Addition of ctDNA in increasing concentrations to the fixed concentration of 
butachlor and isoproturon, progressively quenched the intrinsic fluorescence of both 
the herbicides. The results exhibited around 50.1 % and 60 % of fluorescence 
quenching at the highest butachlor and isoproturon-DNA molar ratios of 1:2 and 1:1.8, 
respectively. 
• The fluorescence quenching constants (Ksv) for butachlor and isoproturon were 
determined to be 1.19 x lO"* and 1.90 x 10"* M'' (i^  = 0.99), respectively. The 
association constant (Ka) and number of equivalent binding sites (n) for butachlor 
binding with ctDNA were determined to be 1.2 x 10"* M'' and 1.02 (r^  = 0.99). 
Likewise, the Ka and n values determined for isoproturon-ctDNA binding were 1.6 x 
10^  M ' and 1.2 (r^  = 0.99), respectively. 
• Competitive binding of butachlor and isoproturon with ctDNA-DistaA complex, 
revealed a gradual decline in the fluorescence emission spectra of the complex at 455 
nm, upon addition of increasing concentrations of butachlor and isoproturon. The data 
suggested the preferential binding of butachlor and isoproturon to minor groove of 
DNA. 
• Treatment of plasmid pUC19 DNA with varying concentrations of butachlor and 
isoproturon (250, 500, 750 and 1000 jiM) resulted in the loss of transformation 
efficiency of the plasmid in E. coli DH5a cells. Furthermore, both the herbicides 
induced a dose dependent increase in the mutated white colonies of E. coli DH5a with 
simultaneous decrease in the number of blue colonies in the a-complementation lacZ 
mutagenicity assay. 
• Alkaline hydrolysis of butachlor and isoproturon treated DNA exhibited progressive 
increase in the amount of acid soluble nucleotides released upon exposure to 0.1 and 
0.5 M NaOH. At the highest DNA nucleotide-butachlor and DNA nucleotide-
isoproturon molar ratio of 1:10, the percent hydrolyses were estimated to be 49 %, 78 
% and 41 % and 72 % with 0.1 and 0.5 M NaOH, respectively. Under identical 
conditions, the untreated control native DNA and DMSO treated DNA have not shown 
any hydrolysis. The release of acid soluble material from butachlor and isoproturon-
treated DNA confirmed the formation of apurinic and/or apyrimidinic sites in the 
DNA molecule. 
• Butachlor and isoproturon induced the formation of single strand breaks in human 
lymphocytic DNA. The SCGE data under alkaline conditions revealed 296.49 ± 0.90 
Hm DNA migration in butachlor treated lymphocytes as compared to 11.38 ± 2.54 iim 
with DMSO control. Similarly, the isoproturon treated lymphocytes showed 218.83 ± 
0.90 nm DNA migration as compared to 10.55 ± 0.52 nm with DMSO control. 
Comparative analysis of a set of 150 cells at the highest concentration of 500 i^M of 
butachlor and isoproturon with DMSO treated control cells revealed 26 and 20-fold 
enhanced DNA migration, respectively. The damage in treated lymphocytes might 
have occurred due to interaction of these herbicides and/or their metabolites with 
cellular DNA, resulting in the formation of frank strand breaks. 
• Exposure of human lymphocytes to butachlor and isoproturon resulted in micronuclei 
(MN) formation as monitored by cytokinesis-blocked micronucleus (CBMN) assay. 
The mean BNMN at 25, 50 and 100 |iM butachlor and isoproturon concentrations 
were determined to be 19, 29, 34 and 17, 28, 35, respectively. Compared to untreated 
control, the butachlor and isoproturon treated cells have exhibited 3.77 and 2.91-folds 
higher BNMN formation in human lymphocytes. The nuclear division indices (NDI) 
of 1.80 and 1.82 were determined for butachlor and isoproturon treated cells, 
respectively at 100 fxM concentrations as compared to an NDI of 1.92 in case of the 
untreated control cells. Thus, significant increase in the numbers of MN formation 
both in the mononucleated and binucleated cells unequivocally demonstrated the 
chromosomal DNA damaging potential and anti-karyokinesis activity of these 
herbicides in human cells. 
• Butachlor and isoproturon treatments to calf thymus DNA in vitro at a fixed 
concentration of 1000 jxM induced 3.19 and 2.99-folds higher 8-oxodG DNA adducts, 
respectively as compared to the untreated control DNA, which suggested the 
capability of the these herbicides to cause substantial oxidative stress. 
• Thus, it is concluded th?t the direct interactions of butachlor and isoproturon with 
DNA resulted in the induction of DNA strand breaks and generation of promutagenic 
8-oxodG lesions, which clearly suggested the genotoxicity potential of these 
herbicides in human lymphocytes. The propensity of herbicides induced disruption of 
the genetic integrity, and the unrepaired DNA lesions, if any, may eventually promote 
the risk of triggering the malignant cell transformation in exposed individuals. 
Isolation and characterization ofbuiacMor and isoproturon degrading bacteria 
• Screening of the total 240 and 185 butachlor and isoproturon tolerant bacterial 
isolates, respectively in the range of 100 ^gml' to 3 mgml' test herbicides on M9 
agar plates, provided the two most resistant and efficient butachlor and isoproturon 
degrading strains JS-1 and JS-11. 
• The isolate JS-1 exhibited maximum butachlor tolerance at the highest concentration 
of 3 mgml"' in MIC studies, and showed effective utilization of butachlor as a sole 
source of carbon at sub-lethal concentrations in liquid medium. The growth kinetics 
studies demonstrated the exponential growth of isolate JS-1 up to 18 h of incubation in 
presence of 1000 figml' butachlor. The kinetics data revealed the growth rate (n) and 
generation time (t) of the strain JS-1 in mineral salt and rich media as 0.43 h ' and 2.3 
h, and 0.66 h"' and 1.5 h, respectively. 
• The isolate JS-U exhibited maximum isoproturon tolerance at the highest 
concentration (2.5 mgml"') in MIC studies and showed effective utilization of 
isoproturon as a sole source of carbon at sub-lethal concentration in liquid medium. 
The growth in minimal medium at pH 7.0 and temperature 28 °C clearly suggest the 
capability to utilize isoproturon as a source of carbon and energy. The kinetic data 
revealed the growth rate (n) and generation time (t) of the strain JS-11 in mineral salt 
and rich media as, 0.21 h ' and 4.6 and 0.61 h ' and 1.62 h, respectively. 
• Molecular characterization of bacterial isolates was performed based on 16SrRNA 
genes PCR amplified from the genomic DNA of the strains JS-1 and JS-11, using gene 
specific primers. The purified amplicons of-1.5 kb each were cloned within iacZ 
gene in pGEM-T easy vector and successfijlly transfected in DH5a ceils. The 
recombinant plasmi'^ s from the representative clones were isolated and sequenced. 
The partial sequences of 1160 bp and 1191bp obtained from JS-1 and JS-li, 
respectively were submitted to NCBI GenBanlc and the corresponding accession Nos. 
EF378655 and EF378653 were obtained. 
• Characterization based on BIOLOG and 16SrDNA sequence homology of the partial 
sequences confirmed the identification of strain JS-1 as Stenotrophomonas 
acidaminiphila strain and strain JS-11 as Pseudomonas aeruginosa. 
• Multiple sequence alignments and phylogenetic analyses revealed that the strain JS-1 
and JS-11 clustered with Stenotrophomonas spp. toid pseudomonas spp., exhibited 
closed relationship with 100% similarity. 
• The Stenotrophomonas acidaminiphila strain JS-1 at a cell density of 10 CFU g" in 
soil microcosm exhibited complete butachlor degradation within 20 days at ambient 
temperature, following the first order rate kinetics with the rate constant of 0.17 d' . 
The strain JS-1 inoculation to rhizospheric soil has accelerated the degradation process 
by 31% as compared to uninoculated rhizospheric soil with 20% reduction in 
butachlor half-life. 
• The Pseudomonas aeruginosa strain JS-U exhibited complete isoproturon 
degradation in bioaugmented soil within 20 days at ambient temperature, following 
the first order rate kinetics with the rate constant of 0.086 d"'. The strain JS-11 
inoculation to rhizospheric soil resulted in enhanced isoproturon degradation as 
compared to uninoculated rhizospheric soil with almost 50 % reduction in isoproturon 
half-life. 
• It is concluded that the soil bacteria Stenotrophomonas acidaminiphila strain JS-1 and 
Pseudomonas aeruginosa strain JS-11 have proved to be the specific and efficient 
degraders of the herbicides butachlor and isoproturon in controlled soil microcosms. 
The degrader strains could be exploited as effective bioinoculants for bioremediation 
of specific herbicides contaminated soils. 
Assessment of auxiliary biological activities of bacterial strains JS-1 and JS-11 and 
their molecular dynamics 
• Assessment of the plant growth promoting activities of the herbicides degrading 
bacterial strains JS-1 and JS-11 revealed their intrinsic ability of lAA production. 
inorganic phosphate solubilization, siderophores, HCN, PCA and broad spectrum 
antimicrobial activity for direct and indirect plant growth promotion. 
• The data revealed significant production of lAA by the bacterial strains in stationary 
phase of the cultures. The presence of tryptophan in the medium substantially 
enhanced the lAA production. Quantitative assay revealed the production of about 21 
and 24.1 ^gm^' of lAA in presence of 500 jigml"' of tryptophan by JS-1 and JS-ll, 
respectively, as compared to 11 and 12 ^g ml' lAA in medium without tryptophan. 
Thus, the combined biodegradation activity and production of lAA demonstrated the 
importance of strains JS-1 and JS-11 in field applications. 
• The strain JS-ll performed significant solubilization of tri-calcium phosphate in 
Pikovskaya's medium. The amount of soluble phosphate released was determined to 
be 53.8 ^gm^' after 5 d of growth. Phosphate solubilization clearly indicated the 
significance of the strain in plant growth promotion and presented the possibility of 
exploiting the strain JS-11 as a potential bioinoculant. 
• The broad spectrum antimicrobial activity exhibited by the strain JS-11 demonstrated 
its inherent ability to inhibit the growth of phytopathogen (Fusarium oxysporum) and 
human pathogens (Candida albicans) in antagonistic bioassays. 
• The bacterial strains JS-1 and JS-ll produced the hydroxamate-type and Pvd-type 
siderophores, which were validated by absorption spectral analysis, ferric chloride test 
and CAS assay. 
• Both the strains JS-1 and JS-ll showed HCN production, which has resulted in a 
remarkable change in color fi-om yellow to brown against the control. The level of 
HCN production under low iron condition decreased as compared to higher HCN 
production in the medium fortified with iron. 
• The strains JS-1 and JS-ll were assessed for their capability of producing phenazine 
compounds. The results showed that JS-11 is a good PCA producer, whereas the strain 
JS-1 does not exhibit any phenazine synthesis. The PCA was quantitated 
spectrophotometrically and the absorbance of yellow color developed was measured at 
367 nm in benzene extract of the culture. The extract was also analyzed by HPLC 
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using C-18 Novapak (5jim) column with a mobile phase of acetonitrile: water (70:30) 
at 254 nm, and the peak of PCA at a retention time of 9.6 was recorded. 
The factors modulating the PCA production were assessed. As a carbon source, both 
the glucose and fructose at 1.0 mM concentration significantly enhanced the PCA 
production. Lactose and sucrose moderately supported the PCA production. However, 
no growth of strain JS-U occurred in the medium containing citric acid. Maximum 
PCA synthesis occurred under acidic conditions between pH 6.0 to pH 6.5. A sharp 
increase in the amount of PCA occurred at temperatures between 32-37°C, and also 
ZnS04 at concentration of 45 jigml"' stimulated the PCA production. 
The bacterial strain JS-11 was also screened for A'-acyl homoserine lactone (AHL) 
production using cross-feeding test. Incubation of JS-11 in the presence of a reporter 
strain, A. tumefaciem A136 [(Ti) (pCF218) (pCF372)], produced blue color due to 
hydrolysis of chromogeneic substrate X-gal in the bioassay medium upon expression 
of the lacZ reporter gene. A positive reaction recorded for the strain JS-11, suggested 
the phenomenon of quorum sensing in strain JS-11 for optimal performance of any of 
its auxiliary activities. 
The genetic capabilities of strains JS-1 producing HCN and JS-U producing both the 
HCN and PCA were validated using the molecular and bioinformatics tools to 
understand the molecular dynamics of these traits. Existence of phz operon in strain 
JS-11 and hen operon in both the JS-1 and JS-11 strains were demonstrated by the 
targeting phzC&D and hcnB&C genes. These genes were PCR amplified by gene 
specific primers, which yielded an amplicons of 1404 and 587 bp long. The amplicons 
were successfiilly cloned in pDrive cloning vector and presence of desired gene insert 
in recombinant clones was verified through PCR and restriction analysis. 
Blast analysis revealed the highest sequence homology of phzC&D genes of strain JS-
11 with other Pseudomonas aeruginosa strains reported in NCBI database. The 
sequenced phzC&D genes were translated into amino acid sequences, which were 
found to be of 274 and 207 amino acids in length, respectively. Comparative 
nucleotide (phzC&D) and amino acid (PhzC&D) sequences based on clustalW 
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alignment showed that the strain JS-11 shared variable identities with reference 
Pseudomonas aeruginosa strains. 
• The phylogenetic data based on PhzC&D amino acid sequences revealed a very close 
evolutionary relationship of strain JS-11 with the Pseudomonas aeruginosa PAOl and 
UCBPP-PA14 strains. The results showed that the PhzC&D proteins to some extent 
exhibited the geographical relationship with the reference strains falling in the same 
group. 
• The nucleotide sequence analysis revealed the size of AcnB fragment of 148 bp within 
1404 bp long hcnB gene, and hcnC Augment of 437 bp within 1251 bp long hcnQ 
gene. The partial sequences were subjected to both the Blastn and Blastp analyses. The 
nucleotide sequence of/»c«B&C genes from strains JS-1 and JS-11 showed the highest 
sequence homology with the other Pseudomonas spp. The /JCMB&C genes encoding 
for hydrogen synthase subunits were also translated into amino acid sequences, which 
were found to be of 46 and 145 amino acids, respectively. Comparative amino acid 
sequence analysis of the HcnB&C proteins also showed that the JS-1 and JS-11 strains 
shared homologies with strains of Pseudomonas spp. in database. 
• The phylogenetic data revealed the distribution of all HCN* strains into five 
subgroups, I, II, III, IV and V. Sfrains JS-1 and JS-U showed very close evolutionary 
ties with subgroup IV Pseudomonas aeruginosa PAOl and UCBPP-PA14 strains. The 
phylogenetic analysis also established the geographical relationship among the HCN^ 
strains. 
• Secondary structure prediction of HcnB&C proteins of JS-1 and JS-11 strains showed 
that out of 46 amino acids of HcnB, about 8.51% have the propensity towards (3 sheet 
and the remaining 91.49% falls under loop region. Moreover, the 145 amino acids of 
HcnC showed 40.69% propensity towards alpha helix, 21.38% formed B-sheet and 
37.93 % fall under loop region. Both the strains showed secondary structure similarity 
with the structure of partial HcnB and HcnC proteins of Pseudomonas aeruginosa 
PAOl and UCBPP-PA14 complete genome sequenced strains. 
• Domain analysis of HcnC proteins from JS-1 and JS-1 i and other reference 
Pseudomonas aeruginosa strains showed the presence of conserved trans-membrane 
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domains at regions 7-24aa and 47-64aa. 3D-structure based fold recognition study of 
the HcnB protein exhibited 23 to 10 % identity and 100 to 75 % estimated precision 
with different oxidoreductase. Fold recognition search for domain identification of 
HcnC protein also revealed 21 and 85 % identity and 3D homology with 
oxidoreductase. This terminus also showed the 11 to 19 % identity and 10 to 5% 
estimated precision with different ferredoxin like enzymatic proteins. 
ClustalW analysis revealed that the /jcnC sequences have lower levels of total 
nucleotide diversity and synonymous substitutions as compared with partial hcnB. 
This reflects the existence of more substitutional constraints (i.e., less variation) for 
the essential N-terminal part of HcnC. The molecular dynamics of biocontrol (HCN 
production trait) activity based on hen genes sequence data and in silico analysis 
suggested the possibility of lateral transfer of hen operon in Stenotrophomonas 
aeidaminiphila strain JS-1 from Pseudomonas aeruginosa in natural environment. 
The phylogenetic analysis based on PhzC&D proteins revealed that the phz operon of 
Pseudomonas spp. would have been laterally transferred from the ancestors 
actinomycetes. Over all, the phylogenetic data suggested the hen and phz operons 
evolution may be parallel to whole genome history of the isolated strain. 
Secondary structure predictions of PhzC&D gene products of JS-11 strain revealed 
that the PhzC protein of 274 amino acids exhibited 45.62% propensity towards a 
helix, 10% extended and the remaining 44.16% falls under loop region. Whereas, the 
PhzD protein of 207 amino acids contributes 51.21 % towards a helix, 13.83 % 
extended strand and 35.27 % falls under loop region. 
The conserved domains search of PhzC protein showed similarity with the structure of 
enzyme (3-deoxy-D-arabino-heptulosonate 7-phosphate synthase) from 
Mycobaeterium tuberculosis [gi 82408028PDB 2B70 (MMDB 35706)]. The protein 
PhzD showed similarity with the enzyme (2, 3 dihydro2,3-dihyroxybenzoate synthase) 
from Pseudomonas aeruginosa PAOl. 
3D structure of PhzD of JS-11 was constructed by homology modeling using X-ray 
crystallographic structure from PDB: lnf9 as a template. The 3D structure based fold 
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recognition study of the PhzD protein exhibited 13% to 100% identity and 100% 
estimated precision with different hydrolases. 
The constructed 3D model was verified by the molecular modeling and Ramachandran 
plot qualities of the model assessed for the amount (%) of residues belonging to the 
disallowed region of the plot and deviation (A°) from the template. The 
Ramachandran plot of phzD protein structure showed 82.36% of residues in most 
favored regions, 16.696 % residue in additional allowed region and no residue out of a 
total 207 in disallowed region. Additionally, the consensus functional sites were 
mapped on constructed model. 
It is concluded that the Stenotrophomonas acidaminiphila strain JS-1 and 
Pseudomonas aeruginosa strain JS-11 are novel strains performing multifarious 
biological role. Substantial production of indole acetic acid, siderophores, HCN and 
PCA as well as inorganic phosphate solubilization by these herbicides degrader strains 
clearly demonstrated the wide spectrum biological activities under in vitro conditions. 
Owing to these unique traits, these indigenous strains could serve as potential 
bioinoculants for controlling the region specific environmental and agronomic 
problems. 
Over all, based on the fundamentally important baseline data presented in this thesis 
on genotoxic activities of the selected contaminants, a potential threat to human health 
in exposed population is envisaged. The well-planned and systematic human 
biomonitoring studies are strongly recommended in order to assess the impact of the 
environmental contamination on population of the region. Moreover, the 
environmental watchdogs and protection agencies should initiate the awareness drives 
to educate the farming community, residents and factory workers to follow the safety 
guidelines and directives. Intensive bioremediation program should also be planned to 
substantially reduce the level of CFA and herbicides/other contaminants in agricultural 
soil. It is also suggested to develop and exploit the bacterial super-bioinoculants like 
Stenotrophomonas acidaminiphila strain JS-1 and Pseudomonas aeruginosa strain 
JS-11, capable for performing multifarious biological activities simultaneously, as a 
long-term strategic plan for effective bioremediation and improved crop productivity. 
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In this study, the coal fly ash (CFA) and herbicides butachlor and isoproturon have been 
thoroughly assessed as serious environmental contaminants in the agricultural fields in 
vicinity of the thermal power plant located at Kasimpur, District Aligarh (27° 29' latitude 
to 28° 11'and 72° 29' to 78° 38' longitude). Northern India. The site has been chosen in 
view of the severe environmental contamination due to heavy emissions and 
accumulation of CFA at the dumping sites surrounded by the agricultural fields with the 
possibility of slurry spills to the adjoining settlements and fields, which most likely exert 
adverse effects on soil and human health that have not been given considerable attention. 
Furthermore, CFA is also being used as soil amendment or fertilizer supplement for soil 
nutrient enrichment to improve crop productivity, besides indiscriminate application of 
agrochemicals for controlling pests and weeds. The herbicides butachlor and isoproturon 
have been selected due to their excessive application in wheat and rice cropping system 
in the region. The study was designed to provide comprehensive and systematic 
information on the genotoxic potential of both the CFA and herbicides in vitro, 
persistence of herbicides in soil and their successful removal in soil microcosms, through 
specific microorganisms isolated from the contaminated soil. The research work in this 
study encompasses two primary interlinked components, which have been suitably sub-
divided and presented in the thesis as six independent chapters. The components include 
the (i) genotoxic assessment of CFA and the herbicides, in order to understand the 
potential threats to the environment and associated human health hazards, and (ii) 
screening, isolation and characterization of the bacteria with the potential for efficient 
biodegradation of the selected herbicides, butachlor and isoproturon from soil, evaluation 
of their auxiliary biological activities, and the molecular dynamics of the traits 
responsible for the plant growth promotion and biocontrol activities. 
The primary aim of the study was to understand the extent and mode of interactions 
of CFA and herbicides with the cellular DNA, the nature of lesions produced in DNA, 
and quantitative assessment of the DNA damage in human peripheral blood lymphocytes 
as a model for genotoxicity assessment. Other objectives were to search for some novel 
bacteria amongst the indigenous rhizospheric microbial population endowed with unique 
inherent characteristics of herbicide biodegradation, plant growth promotion and effective 
biocontrol with a long-term objective of developing efficient bioinoculants, which could 
simultaneously perform the multifarious biological activities like soil bioremediation and 
plant growth promotion. In this context, two novel bacteria have been isolated and 
characterized using biochemical and molecular tools. The two important sets of phzC&D 
and hcnB&C genes, responsible for phenazine-1-carboxyIic acid (PCA) and hydrogen 
cyanide (HCN) were studied for determining the molecular diversity and phylogeny of 
the isolates, and structure-function analysis of their protein products to comprehend their 
role in molecular dynamics of the traits responsible for plant growth promotion and 
biocontrol. 
The thesis comprised of the following six chapters: The Chapter I provides the 
comprehensive review of literature on the subject; Chapter II presents the materials and 
methods in considerable detail; Chapter III describes the characterization and genotoxic 
potential of CFA; Chapter IV is on the assessment of genotoxic potential of butachlor 
and isoproturon; Chapter V is on the isolation and characterization of butachlor and 
isoproturon degrading bacteria; Chapter VI is on the assessment of auxiliary biological 
activities of bacterial strains JS-1 and JS-ll and their molecular dynamics. The data 
presented and discussed in the thesis are summarized below: 
Characterization and genotoxic potential of CFA 
• The extent and nature of heavy metals in CFA and its aqueous (Aq) and organic 
(DMSO) extracts were determined using atomic absorption spectrophotometer. The 
data revealed the abundance of heavy metals in CFA in the order as 
Fe>As>Se>Ni>Zn>Cu>Cr. The presence of arsenic, selenium and nickel at 
significantly higher levels may pose a serious concern owing to reported toxicity of 
these metals at higher concentrations. 
• The XRD analysis of CFA revealed the presence of quartz, mullite and iron oxide 
crystals in the form of nanoparticles of average size of 14 nm. The quartz (Si02) 
exhibited a strong peak at 26.6° 29 value. Other strong peaks at 16.42° and 40.85° 20 
values indicated the presence of mullite. whereas, the peaks at 33.19° and 36.53° 20 
values represented iron oxide and amorphous glassy materials, respectively. 
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• The scanning electron microscopic (SEM) and transmission electron microscopic 
(TEM) analyses demonstrated the presence of CFA nanoparticles of variable shapes 
and sizes in the range of 11 to 25 nm. The images revealed the dispersed nanosize 
particles as well as a number of aggregates. The agglomerated spheres and irregularly 
shaped amorphous particles were the products of interparticle fusion. 
• The Fourier transformed infrared (FTIR) spectrum of CFA showed typical bands at 
1084, 783.43 and 456.85 cm"'. The bands at 1084.50 and 783.43 cm"' were attributed 
to the asymmetrical stretching vibrations and symmetrical stretching vibrations of the 
Si-O-Si groups. 
• Atomic force microscopy (AFM) has provided the information on the surface 
topography, structural morphology and particle size of CFA. The amorphous structure 
along with the embedded quartz crystallites were noticed on CFA. The average size of 
the CFA nanoparticles and roughness of surface were determined as 21 and 24 nm, 
respectively. 
• The alkaline hydrolysis of CFA treated calf thymus DNA (ctDNA) exhibited 
progressive increase in the amount of acid soluble nucleotides released upon exposure 
to 0.1 and 0.5 M NaOH. At the highest DNA nucleotide-CFA molar ratio of 1:10, the 
percent hydrolysis were estimated to be 33.8 % and 78 % with 0.1 and 0.5 M NaOH, 
respectively, which suggested the development of alkali-sensitive sites in DNA upon 
exposure to CFA particles. 
• Single cell gel electrophoresis (SCGE or comet assay) of CFA treated human 
lymphocytes under alkaline conditions demonstrated the generation of single strand 
breaks in a dose dependent manner. Significantly higher DNA damage occurred with 
the CFA-DMSO extract as compared with the CFA-Aq extract. The data revealed that 
almost 50 to 70 % of cells exhibited 40-70 \im migration of DNA up to 300 ppm, 
whereas about 75-80 % cells exhibited >200 nm of DNA fragments mobility at higher 
CFA-DMSO concentrations of 1800 and 2400 ppm, which was comparable to DNA 
migration in EMS treated positive control cells. 
• Exposure of human lymphocytes to CFA also resulted in micronuclei (MN) formation 
as monitored by cytokinesis-blocked micronucleus (CBMN) assay. Treatment with 
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CFA-DMSO extract resulted in significant micronuciei formation to the extent of 19 ± 
3.48 and 36 ± 5.65 at 1000 and 3000 ppm, respectively compared with untreated and 
vehicle control cells. Besides, the formation of single micronucleus in lymphocytes, 
the formation of bi and multiple micronuciei were also observed in DMSO extract 
treated cells, which is indicative of CFA induced chromosomal breakage. This may be 
attributed to the direct interaction of heavy metals and the nanosized CFA with DNA 
resulting in promutagenic adduct formation, which leads to the DNA fragmentation as 
a consequence of oxidative insult. 
• The CFA induced oxidative stress has resulted in the formation of oxidative DNA 
lesions like 8-oxodG. The promutagenic 8-OHdG adducts have been significantly 
increased in CFA treated calf thymus DNA. This is presumably due to the heavy 
metals and unspecified organic substances present within and on the surface of CFA 
particles, which most likely produce free radicals in vicinity of DNA in the cells, 
ultimately leading to DNA damage and inflammation due to oxidative stress. These 
results are in agreement with the findings of other occupationally exposed groups 
exhibiting the cytogenetic changes in CFA exposed populations. 
• It is concluded that the CFA nanoparticles generates systemic oxidative stress and 
cause damage to DNA, since they have a potential to penetrate deeper into the lungs, 
cross all the barriers in the respiratory system, and enters into the circulatory system. 
The DNA lesions/adducts in cells undergo a systematic repair process, however, any 
unrepaired lesions in DNA may give rise to mutations upon DNA replication. Thus, 
the fine particles of CFA with enhanced genotoxic property due to surface adsorbed 
heavy metals and organic pollutants may act as putative mutagens and/or carcinogens, 
and could trigger the chain of events related to carcinogenesis in the CFA exposed 
population. 
Assessment of genotoxic potential ofbutachlor and isoproturon 
• Interactions of butachlor and isoproturon with calf thymus DNA were studied by 
monitoring the changes in their intrinsic fluorescence at varying butachlor and 
isoproturon-DNA molar ratios in the range of 0.1 to 2.0 and 0.1 to 1.8, respectively. 
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Addition of ctDNA in increasing concentrations to the fixed concentration of 
butachlor and isoproturon, progressively quenched the intrinsic fluorescence of both 
the herbicides. The results exhibited around 50.1 % and 60 % of fluorescence 
quenching at the highest butachlor and isoproturon-DNA molar ratios of 1:2 and 1:1.8, 
respectively. 
The fluorescence quenching constants (Ksv) for butachlor and isoproturon were 
determined to be 1.19 x 10'* and 1.90 x lO'' M"' (r^  = 0.99), respectively. The 
association constant (Ka) and number of equivalent binding sites (n) for butachlor 
binding with ctDNA were determined to be 1.2 x 10* M"' and 1.02 (r^  = 0.99). 
Likewise, the Ka and n values determined for isoproturon-ctDNA binding were 1.6 x 
lO'' M"' and 1.2 (i^  = 0.99), respectively. 
Competitive binding of butachlor and isoproturon with ctDNA-DistaA complex, 
revealed a gradual decline in the fluorescence emission spectra of the complex at 455 
nm, upon addition of increasing concentrations of butachlor and isoproturon. The data 
suggested the preferential binding of butachlor and isoproturon to minor groove of 
DNA. 
Treatment of plasmid pUC19 DNA with varying concentrations of butachlor and 
isoproturon (250, 500, 750 and 1000 \iM) resulted in the loss of transformation 
efficiency of the plasmid in E. coli DH5a cells. Furthermore, both the herbicides 
induced a dose dependent increase in the mutated white colonies of £. coli DH5a with 
simultaneous decrease in the number of blue colonies in the a-complementation /acZ 
mutagenicity assay. 
Alkaline hydrolysis of butachlor and isoproturon treated DNA exhibited progressive 
increase in the amount of acid soluble nucleotides released upon exposure to 0.1 and 
0.5 M NaOH. At the highest DNA nucleotide-butachlor and DNA nucleotide-
isoproturon molar ratio of 1:10, the percent hydrolyses were estimated to be 49 %, 78 
% and 41 % and 72 % with 0.1 and 0.5 M NaOH, respectively. Under identical 
conditions, the untreated control native DNA and DMSO treated DNA have not shown 
any hydrolysis. The release of acid soluble material from butachlor and isoproturon-
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treated DNA confirmed the formation of apurinic and/or apyrimidinic sites in the 
DNA molecule. 
Butachlor and isoproturon induced the formation of single strand breaks in human 
lymphocytic DNA. The SCGE data under alkaline conditions revealed 296.49 ± 0.90 
\im DNA migration in butachlor treated lymphocytes as compared to 11.38 ± 2.54 i^m 
with DMSO control. Similarly, the isoproturon treated lymphocytes showed 218.83 ± 
0.90 \im DNA migration as compared to 10.55 ± 0.52 ^m with DMSO control. 
Comparative analysis of a set of 150 cells at the highest concentration of 500 nM of 
butachlor and isoproturon with DMSO treated control cells revealed 26 and 20-fold 
enhanced DNA migration, respectively. The damage in treated lymphocytes might 
have occurred due to interaction of these herbicides and/or their metabolites with 
cellular DNA, resulting in the formation of frank strand breaks. 
Exposure of human lymphocytes to butachlor and isoproturon resulted in micronuclei 
(MN) formation as monitored by cytokinesis-blocked micronucleus (CBMN) assay. 
The mean BNMN at 25, 50 and 100 nM butachlor and isoproturon concentrations 
were determined to be 19, 29, 34 and 17, 28, 35, respectively. Compared to untreated 
control, the butachlor and isoproturon treated cells have exhibited 3.77 and 2.91-folds 
higher BNMN formation in human lymphocytes. The nuclear division indices (NDI) 
of 1.80 and 1.82 were determined for butachlor and isoproturon treated cells, 
respectively at 100 |iM concentrations as compared to an NDI of 1.92 in case of the 
untreated control cells. Thus, significant increase in the numbers of MN formation 
both in the mononucleated and binucleated cells unequivocally demonstrated the 
chromosomal DNA damaging potential and anti-karyokinesis activity of these 
herbicides in human cells. 
Butachlor and isoproturon treatments to calf thymus DNA in vitro at a fixed 
concentration of 1000 iiM induced 3.19 and 2.99-folds higher 8-oxodG DNA adducts, 
respectively as compared to the untreated control DNA, which suggested the 
capability of the these herbicides to cause substantial oxidative stress. 
Thus, it is concluded that the direct interactions of butachlor and isoproturon with 
DNA resulted in the induction of DNA strand breaks and generation of promutagenic 
8-oxodG lesions, which clearly suggested the genotoxicity potential of these 
herbicides in human lymphocytes. The propensity of herbicides induced disruption of 
the genetic integrity, and the unrepaired DNA lesions, if any, may eventually promote 
the risk of triggering the malignant cell transformation in exposed individuals. 
Isolation and characterization ofbutachlor and isoproturon degrading bacteria 
• Screening of the total 240 and 185 butachlor and isoproturon tolerant bacterial 
isolates, respectively in the range of 100 ^igml' to 3 mgml' test herbicides on M9 
agar plates, provided the two most resistant and efficient butachlor and isoproturon 
degrading strains JS-1 and JS-11. 
• The isolate JS-1 exhibited maximum butachlor tolerance at the highest concentration 
of 3 mgml"' in MIC studies, and showed effective utilization of butachlor as a sole 
source of carbon at sub-lethal concentrations in liquid medium. The growth kinetics 
studies demonstrated the exponential growth of isolate JS-1 up to 18 h of incubation in 
presence of 1000 ngmf' butachlor. The kinetics data revealed the growth rate (n) and 
generation time (t) of the strain JS-1 in mineral salt and rich media as 0.43 h ' and 2.3 
h, and 0.66 h"' and 1.5 h, respectively. 
• The isolate JS-11 exhibited maximum isoproturon tolereince at the highest 
concentration (2.5 rngml"') in MIC studies and showed effective utilization of 
isoproturon as a sole source of carbon at sub-lethal concentration in liquid medium. 
The growth in minimal medium at pH 7.0 and temperature 28 °C clearly suggest the 
capability to utilize isoproturon as a source of carbon and energy. The kinetic data 
revealed the growth rate (n) and generation time (t) of the strain JS-11 in mineral salt 
and rich media as, 0.21 h"' and 4.6 and 0.61 h"' and 1.62 h, respectively. 
• Molecular characterization of bacterial isolates was performed based on 16SrRNA 
genes PCR amplified from the genomic DNA of the strains JS-1 and JS-11, using gene 
specific primers. The purified amplicons of-1.5 kb each were cloned within lacZ 
gene in pGEM-T easy vector and successfully transfected in DH5a ceils. The 
recombinant piasmids from the represemative clones were isolated and sequenced. 
The partial sequences of 1160 bp and 1191bp obtained from JS-1 and JS-11. 
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respectively were submitted to NCBl GenBank and the corresponding accession Nos. 
EF378655 and EF378653 were obtained. 
• Characterization based on BIOLOG and 16SrDNA sequence homology of the partial 
sequences confirmed the identification of strain JS-1 as Stenotrophomonas 
acidaminiphila strain and strain JS-11 as Pseudomonas aeruginosa. 
• Multiple sequence alignments and phylogenetic analyses revealed that the strain JS-1 
and JS-11 clustered with Stenotrophomonas spp. and pseudomonas spp., exhibited 
closed relationship with 100% similarity. 
• The Stenotrophomonas acidaminiphila strain JS-1 at a cell density of lO' CFU g ' in 
soil microcosm exhibited complete butachlor degradation within 20 days at ambient 
temperature, following the first order rate kinetics with the rate constant of 0.17 d' . 
The strain JS-1 inoculation to rhizospheric soil has accelerated the degradation process 
by 31% as compared to uninoculated rhizospheric soil with 20% reduction in 
butachlor half-life. 
• The Pseudomonas aeruginosa strain JS-11 exhibited complete isoproturon 
degradation in bioaugmented soil within 20 days at ambient temperature, following 
the first order rate kinetics with the rate constant of 0.086 d"'. The strain JS-11 
inoculation to rhizospheric soil resulted in enhanced isoproturon degradation as 
-compared to uninoculated rhizospheric soil with almost 50 % reduction in isoproturon 
half-life. 
• It is concluded that the soil bacteria Stenotrophomonas acidaminiphila strain JS-1 and 
Pseudomonas aeruginosa strain JS-11 have proved to be the specific and efficient 
degraders of the herbicides butachlor and isoproturon in controlled soil microcosms. 
The degrader strains could be exploited as effective bioinoculants for bioremediation 
of specific herbicides contaminated soils. 
Assessment of auxiliary biological activities of bacterial strains JS-1 and JS-11 and 
their molecular dynamics 
• Assessment of the plant growth promoting activities of the herbicides degrading 
bacterial strains JS-1 and JS-11 revealed their intrinsic ability of lAA production. 
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inorganic phosphate solubilization, siderophores, HCN, PCA and broad spectrum 
antimicrobial activity for direct and indirect plant growth promotion. 
• The data revealed significant production of lAA by the bacterial strains in stationary 
phase of the cultures. The presence of tryptophan in the medium substantially 
enhanced the lAA production. Quantitative assay revealed the production of about 21 
and 24.1 tigml"' of lAA in presence of 500 ngml' of tryptophan by JS-1 and JS-11, 
respectively, as compared to 11 and 12 \ig ml"' lAA in medium without tryptophan. 
Thus, the combined biodegradation activity and production of lAA demonstrated the 
importance of strains JS-1 and JS-11 in field applications. 
• The strain JS-11 performed significant solubilization of tri-calcium phosphate in 
Pikovskaya's medium. The amount of soluble phosphate released was determined to 
be 53.8 i^gmP' after 5 d of growth. Phosphate solubilization clearly indicated the 
significance of the strain in plant growth promotion and presented the possibility of 
exploiting the strain JS-11 as a potential bioinoculant. 
• The broad spectrum antimicrobial activity exhibited by the strain JS-11 demonstrated 
its inherent ability to inhibit the growth of phytopathogen (Fusarium oxysporum) and 
human pathogens (Candida albicans) in antagonistic bioassays. 
• The bacterial strains JS-1 and JS-11 produced the hydroxamate-type and Pvd-type 
siderophores, which were validated by absorption spectral analysis, ferric chloride test 
and CAS assay. 
• Both the strains JS-1 and JS-11 showed HCN production, which has resulted in a 
remarkable change in color from yellow to brown against the control. The level of 
HCN production under low iron condition decreased as compared to higher HCN 
production in the medium fortified with iron. 
• The strains JS-1 and JS-11 were assessed for their capability of producing phenazine 
compounds. The results showed that JS-11 is a good PCA producer, whereas the strain 
JS-1 does not exhibit any phenazine synthesis. The PCA was quantitated 
spectrophotometrically and the absorbance of yellow color developed was measured at 
367 nm in benzene extract of the culture. The extract was also analyzed bv HPLC 
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using C-18 Novapak (5nm) column with a mobile phase of acetonitrile: water (70:30) 
at 254 nm, and the peak of PCA at a retention time of 9.6 was recorded. 
• The factors modulating the PCA production were assessed. As a carbon source, both 
the glucose and fructose at 1.0 mM concentration significantly enhanced the PCA 
production. Lactose and sucrose moderately supported the PCA production. However, 
no growth of strain JS-11 occurred in the medium containing citric acid. Maximum 
PCA synthesis occurred under acidic conditions between pH 6.0 to pH 6.5. A sharp 
increase in the amount of PCA occurred at temperatures between 32-37°C, and also 
ZnS04 at concentration of 45 ngml' stimulated the PCA production. 
• The bacterial strain JS-11 was also screened for N-acy\ homoserine lactone (AHL) 
production using cross-feeding test. Incubation of JS-11 in the presence of a reporter 
strain, A. tumefaciens A136 [(Ti) (pCF218) (pCF372)], produced blue color due to 
hydrolysis of chromogeneic substrate X-gal in the bioassay medium upon expression 
of the lacZ reporter gene. A positive reaction recorded for the strain JS-11, suggested 
the phenomenon of quorum sensing in strain JS-11 for optimal performance of any of 
its auxiliary activities. 
• The genetic capabilities of strains JS-1 producing HCN and JS-11 producing both the 
HCN and PCA were validated using the molecular and bioinformatics tools to 
understand the molecular dynamics of these traits. Existence ofphz operon in strain 
JS-11 and hen operon in both the JS-1 and JS-11 strains were demonstrated by the 
targeting phzC&D and hcnB&C genes. These genes were PCR amplified by gene 
specific primers, which yielded an amplicons of 1404 and 587 bp long. The amplicons 
were successfully cloned in pDrive cloning vector and presence of desired gene insert 
in recombinant clones was verified through PCR and restriction analysis. 
• Blast analysis revealed the highest sequence homology ofphzC&D genes of strain JS-
11 with other Pseiidomonas aeruginosa strains reported in NCBI database. The 
sequenced phzCScD genes were translated into amino acid sequences, which were 
found to be of 274 and 207 amino acids in length, respectively. Comparative 
nucleotide (phzC&D) and amino acid (PhzC&D) sequences based on clustalW 
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alignment showed that the strain JS-U shared variable identities with reference 
Pseudomonas aeruginosa strains. 
• The phylogenetic data based on PhzC&D amino acid sequences revealed a very close 
evolutionary relationship of strain JS-11 with the Pseudomonas aeruginosa PAOl and 
UCBPP-PA14 strains. The results showed that the PhzC&D proteins to some extent 
exhibited the geographical relationship with the reference strains falling in the same 
group. 
• The nucleotide sequence analysis revealed the size ofhcnQ fragment of 148 bp within 
1404 bp long /jcwB gene, and /?cnC fragment of 437 bp within 1251 bp long hcnC 
gene. The partial sequences were subjected to both the Blastn and Blastp analyses. The 
nucleotide sequence of/icnB&C genes from strains JS-1 and JS-11 showed the highest 
sequence homology with the other Pseudomonas spp. The /icnB&C genes encoding 
for hydrogen synthase subunits were also translated into amino acid sequences, which 
were found to be of 46 and 145 amino acids, respectively. Comparative amino acid 
sequence analysis of the HcnB&C proteins also showed that the JS-1 and JS-11 strains 
shared homologies with strains of Pseudomonas spp. in database. 
• The phylogenetic data revealed the distribution of all HCN* strains into five 
subgroups, I, II, III, IV and V. Strains JS-1 and JS-11 showed very close evolutionary 
ties with subgroup IV Pseudomonas aeruginosa PAOl and UCBPP-PA14 strains. The 
phylogenetic analysis also established the geographical relationship among the HCTsT 
strains. 
• Secondary structure prediction of HcnB&C proteins of JS-1 and JS-11 strains showed 
that out of 46 amino acids of HcnB, about 8.51% have the propensity towards p sheet 
and the remaining 91.49% falls under loop region. Moreover, the 145 amino acids of 
HcnC showed 40.69% propensity towards alpha helix, 21.38% formed 6-sheet and 
37.93 % fall under loop region. Both the strains showed secondary structure similarity 
with the structure of partial HcnB and HcnC proteins of Pseudomonas aeruginosa 
PAOl and UCBPP-PA14 complete genome sequenced strains. 
• Domain analysis of HcnC proteins from JS-1 and JS-11 and other reference 
Pseudomonas aeruginosa strains showed the presence of conserved trans-membrane 
XV 
domains at regions 7-24aa and 47-64aa. 3D-structure based fold recognition study of 
the HcnB protein exhibited 23 to 10 % identity and 100 to 75 % estimated precision 
with different oxidoreductase. Fold recognition search for domain identification of 
HcnC protein also revealed 21 and 85 % identity and 3D homology with 
oxidoreductase. This terminus also showed the 11 to 19 % identity and 10 to 5% 
estimated precision with different ferredoxin like enzymatic proteins. 
ClustalW analysis revealed that the hcnC sequences have lower levels of total 
nucleotide diversity and synonymous substitutions as compared with partial hcnB. 
This reflects the existence of more substitutional constraints (i.e., less variation) for 
the essential N-terminal part of HcnC. The molecular dynamics of biocontrol (HCN 
production trait) activity based on hen genes sequence data and in silico analysis 
suggested the possibility of lateral transfer of hen operon in Stenotrophomonas 
aeidaminiphila strain JS-1 from Pseudomonas aeruginosa in natural environment. 
The phylogenetic analysis based on PhzC&D proteins revealed that the phz operon of 
Pseudomonas spp. would have been laterally transferred from the ancestors 
actinomycetes. Over all, the phylogenetic data suggested the hen and phz operons 
evolution may be parallel to whole genome history of the isolated strain. 
Secondary structure predictions of PhzC«&D gene products of JS-11 strain revealed 
that the PhzC protein of 274 amino acids exhibited 45.62% propensity towards a 
helix, 10% extended and the remaining 44.16% falls under loop region. Whereas, the 
PhzD protein of 207 amino acids contributes 51.21 % towards a helix, 13.83 % 
extended strand and 35.27 % falls under loop region. 
The conserved domains search of PhzC protein showed similarity with the structure of 
enzyme (3-deoxy-D-arabino-heptulosonate 7-phosphate synthase) from 
Myeohacterium tubereulosis [gi 82408028PDB 2B70 (MMDB 35706)]. The protein 
PhzD showed similarity with the enzyme (2, 3 dihydro2,3-dihyroxybenzoate synthase) 
from Pseudomonas aeruginosa PAOl. 
3D structure of PhzD of JS-11 was constructed by homology modeling using X-ray 
crystailographic structure from PDB: lnf9 as a template. The 3D structure based fold 
XVI 
recognition study of the PhzD protein exhibited 13% to 100% identity and 100% 
estimated precision with different hydrolases. 
The constructed 3D model was verified by the molecular modeling and Ramachandran 
plot qualities of the model assessed for the amount (%) of residues belonging to the 
disallowed region of the plot and deviation (A°) from the template. The 
Ramachandran plot of phzD protein structure showed 82.36% of residues in most 
favored regions, 16.696 % residue in additional allowed region and no residue out of a 
total 207 in disallowed region. Additionally, the consensus functional sites were 
mapped on constructed model. 
It is concluded that the Stenotrophomonas acidaminiphila strain JS-1 and 
Pseudomonas aeruginosa strain JS-11 are novel strains performing multifarious 
biological role. Substantial production of indole acetic acid, siderophores, HCN and 
PCA as well as inorganic phosphate solubilization by these herbicides degrader strains 
clearly demonstrated the wide spectrum biological activities under in vitro conditions. 
Owing to these unique traits, these indigenous strains could serve as potential 
bioinoculants for controlling the region specific environmental and agronomic 
problems. 
Over all, based on the fundamentally important baseline data presented in this thesis 
on genotoxic activities of the selected contaminants, a potential threat to human health 
in exposed population is envisaged. The well-planned and systematic human 
biomonitoring studies are strongly recommended in order to assess the impact of the 
environmental contamination on population of the region. Moreover, the 
environmental watchdogs and protection agencies should initiate the awareness drives 
to educate the farming community, residents and factory workers to follow the safety 
guidelines and directives. Intensive bioremediation program should also be planned to 
substantially reduce the level of CFA and herbicides/other contaminants in agricultural 
soil. It is also suggested to develop and exploit the bacterial super-bioinoculants like 
Stenotrophomonas acidaminiphila strain JS-1 and Pseudomonas aeruginosa strain 
JS-11, capable for performing multifarious biological activities simultaneously, as a 
long-term strategic plan for effective bioremediation and improved crop productivity. 
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Figure 1. Scanning electron microscopic image of CFA (1000 x magnification). 
1. Coal Fly Ash: A genera] perspective 
Coal fly ash (CFA) is a coal combustion residue released mainly from the coal fired 
electricity generation plants. It is an amorphous ferroalumino silicate with a matrix very 
similar to soil, and eventually accumulates in the furnace bottom in one or several 
hoppers, located between the furnace exit and the clean-up system. The ash stream from 
the clean-up system typically represents the largest fraction of the total ash (70-80%) 
produced during coal combustion. The elemental composition of CFA (nutrient and toxic 
elements) depends on the types and sources of coal used (Comberato et aL, 1997). 
1.1. Physical Properties of CFA 
CFA consists of fine, powdery particles that are predominantly spherical in shape, 
either solid or hollow, and mostly glassy (amorphous) in nature (Figure 1). The 
carbonaceous material in CFA is composed of angular particles. The particle size 
distribution of most bituminous coal fly ashes is generally similar to that of siU (< 0.075 
mm or No. 200 sieve). The specific gravity of CFA usually ranges from 2.1 to 3.0, while 
its specific surface area may range from 170 to 1000 m^ kg''. The color of CFA can vary 
from gray to black, depending on the amount of unbumed carbon in the ash. Lignite or 
sub-bituminous fly ashes are usually light tan to buff in color, indicating relatively low 
amounts of carbon as well as the presence of some lime or calcium. Bituminous fly ashes 
are usually the shade of gray, with the lighter shades generally indicate the high quality 
ash. 
1.2. Chemical Properties of CFA 
The chemical properties of CFA are greatly influenced by the extent of coal burned 
and the techniques used for handling and storage. There are basically four types or ranks 
of coal, each of which varies in terms of its heating value, chemical composition, ash 
content, and geological origin. The types or ranks of coal are anthracite, bituminous, sub-
bituminous, and lignite. In addition to being handled in dry, conditioned, or wet forms. 
CFA is also sometimes classified according to the type of coal from which the ash ha. 
been derived. 
The principal components of bituminous CFA are silica, alumina, iron oxide, and 
calcium, with varying amounts of carbon, as measured by the loss on ignition. Lignite 
and sub-bituminous CFAs are characterized by higher concentrations of calcium and 
magnesium oxides and reduced percentages of silica and iron oxide, as well as lower 
carbon content, compared with bituminous CFA. Very little anthracite coal is burned in 
utility boilers, so there are only small amounts of anthracite CFA. Lignite and sub-
bituminous CFAs may have a higher concentration of sulfate compounds than bituminous 
CFAs. The amount of calcium, silica, alumina, and iron in the ash also differentiate the 
CFA into Class F and Class C. In Class F ash, the total calcium typically ranges from 1-
12 %, mostly in the form of calcium hydroxide, calcium sulfate, and glassy components 
in combination with silica and alumina. In contrast. Class C ashes have reported to 
contain the calcium oxide contents as high as 30-40 %. Another difference between Class 
F and Class C is that the amount of alkalis (combined sodium and potassium) and sulfates 
are generally higher in the Class C ashes than in the Class F ashes. Ashes often contain 
substantial amounts of organic compounds. The nature of these compounds has only 
partly been elucidated (Meima et aL, 1999), and revealed that ashes generally contain 
persistent hazardous organic compounds, also called persistent organic pollutants (POP), 
such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 
methyl sulphates and chlorinated dioxins and benzoftirans (Schmid et al., 2000; Tame et 
al., 2003; Fiedler, 2003; Johansson and van Bavel, 2003; Mininni et al., 2004; van 
Gerven et al., 2004). 
1.3. CFA Production in India 
Indian coal routinely being used in power plants generally has high ash content (35-
45%) and is of lower quality. India is currently the third largest producer of coal in the 
world, with a production of about 407 million tons (MT) of hard coal and 30 MT of 
lignite in 2005-06, according to the Ministry of Coal. The demand for coal in India is 
expected to increase rapidly in the future, dominated mainly by the power sector. It is 
projected that about 47 gigawatts of new coal based power plants will be installed during 
the 2007-2012 period. Total consumption of coal in the power sector is expected to be 
about 550 MT by 2012. 
Presently about 110 MT of CFA is generated in India from more than 70 thermal 
power plants (Sarkar et ah, 2005). By the end of year 2012, it is predicted to increase to 
170 MT per annum. Moreover, the world-wide production of CFA is estimated to exceed 
550 MT per annum (Querol et ah, 2001). China is currently the largest producer of CFA 
followed by Russia and USA. The ECOBA (European Coal Combustion Products 
Association) member countries account for 90 % of CCP (Coal Combustion Products) in 
Europe, producing 37.14 MT of CFA (Kalyoncu, 2001). 
1.4. CFA and Environmental Contamination 
The major environmental concern in the coal power sector in India includes air 
pollution primarily due to flue gas emissions of particulates, sulfur oxides, nitrous oxides, 
and other hazardous chemicals. Combustion of coal has generated large amounts of ashes 
in recent decades (Bhattacharya et al., 2000; Mroueh and Walstr'om, 2002). Furthermore, 
the poor quality of Indian coal, with its high ash content and low calorific values, has led 
to increased particulate pollution and ash disposal problems. In the year 2000, the 
estimated amount of fly ash generated by burning municipal solid waste in the USA. 
Japan and the European Union was about 25 MT per annum (Chimenos et al, 2000; 
Kamon et al., 2000). The application of ash to soil or water may give rise to 
unacceptable levels of pollution. Disposal of coal ashes to soil or water add As, B, Be, 
Cr, Mn, Mo, Pb, S, Sb, Se, V and Zn, may turn out to be a significant environmental 
burden (Adriano et al, 2002; Praharaj et al, 2002; Jayasekher et al, 2009). Walia (1995) 
reported the leaching and toxicity of CFA in aquatic environment including the phyto-
and zoo-planktons. Also, the ashes derived from combustion of untreated wood, solid 
waste incinerator fly ashes, and their application to soils has been found hazardous due to 
leaching of Cd and As, which may adversly affect the functional characteristics of soils 
(Arvidsson and Lundkvist, 2002; Pedersen, 2003; Karamanov et al, 2003). 
1.5. Toxicity ofCFA 
Environmental and occupational exposure of CFA is well known world-wide 
including India. A major portion of CFA produced is used for disposal in ash ponds and 
landfills, and only a small fraction of it is utilized (Bhattacharjee and Kandpal, 2002). 
The utilization rate (13%) in India, is far below the global utilization rate (25%) (Iyer and 
Scott, 2001). Nearly 50 - 60% of the CFA is being stored at plant dumping sites and other 
sites intended for this purpose. It is being used in buildings, construction of roads, 
embankment and cement industries. Its alkaline character and high concentration of 
mineral substances have resulted in attempts at using it as fertilizer or amendment to 
enhance the physico-chemical properties of soil. Apart from necessary nutrients, ashes 
contain elevated concentration of heavy metals, which may disturb the biological 
properties. The CFA particles depend upon their physical and chemical properties cause 
cyto and genotoxic effects by damaging cell or DNA molecule producing short- and 
long-term effects (Chakraborty et al., 2009). Heavy metals in the atmospheric particulate 
matter induce DNA damage, which consequentially creates several possible adverse 
effects on human health (Docker>' and Pope, 1994; Chakraborty et al, 2009). Various 
epidemiological studies established the association between air pollution and respiratory 
(Moolgavkar et al., 1997), cardio vascular (Schwartz et ah, 1999), cardio respiratory 
(Hajat et ah, 2002), chronic obstructive pulmonary disease (Naess et al., 2007), increase 
in the infant mortality rate (Kempe et al., 1997) and daily mortality rate (Staniswalis et 
al, 2005). 
Application of CFA to soil has been shown to decrease the yield of crop due to 
pozzolonic effect of CFA in soil, which induces poor aeration and compaction. To the 
best of my knowledge, the effect of CFA on the soil microbes is not well cited in the 
available literature. Indeed, the microbes are the important component of the soil 
environment as they participate in the degradation of the organic matter and make the 
nutrients available to other soil organisms. This favors the formation of soil aggregates 
and immobilizes the heavy metals and stimulate the activity of soil enzymes viz., 
dehydrogenase, urease and phosphatases etc., (Pati and Sahu, 2004). Due to minute 
particle size and presence of potentially toxic elements like arsenic, chromium, boron. 
vanadium and antimony, CFA has been considered hazardous for living organisms. The 
elements like C, K, Ca, Mg, Cu, Zn and Mn also enter into the soil in excess through 
CFA application, which at different doses may probably change the chemical as well as 
physico-chemical soil properties, and also adversely influence the biological properties. 
The commercialization of CFA as a fertilizer in agricultural sector for crop 
production is uncommon in most countries, because it may contain non-essential 
elements (e.g. As, B, Cd, Se) that adversely affect the crop and soil, and also it is poor in 
both nitrogen and phosphorous. Nitrogen is absent from CFA because it is oxidized into 
gaseous constituents during the combustion, whereas excessive Fe and Al converts 
soluble phosphorous to insoluble compounds, which are not readily available to plants 
(Adriano et al, 1980). Other factors that restrict the ash disposal in soils are the presence 
of potentially toxic elements like B, Se, Ni, Mo and Cd, high salinity and reduced 
solubility of some nutrients (Page et al., 1979). Several studies focused mainly on the 
general characteristics of ashes that are essential for the soil treatments and their benefits 
to the growth and yield of crops. 
Fly ash particles in the environment are inhaled and deposited in the lungs and poses 
health risk due to leached genotoxic compounds, and through the alteration of 
immunological mechanisms. As the lung burden of particles increases, alveolar 
macrophages and epithelial cells become activated leading to the release of inflammatory 
mediators, reactive oxygen species (ROS), enzymes (elastase, proteases, coUagenase), 
cytokines (TNFa, MIP-1) and growth factors that control and stimulate fibrosis 
(Heppleston et al, 1984; Borm, 1994; Vanhee et al, 1995) and genotoxic events (Borm 
and Driscoll, 1996; Driscoll et al, 1997). A renewed evaluation of silica carcinogenicity 
by the International Agency for Research on Cancer (lARC) in October 1996 suggested 
crystalline silica (quartz, cristobalite) as a human carcinogen. 
There is a need to evaluate the impact of CFA on environment and human health. 
Although, extensive research has been performed on the applications of CFA, very little 
has been done on monitoring of its environmental impacts. The environmental concerns 
addressed so far include mobilization of toxic elements, biota impact, microbial impact. 
handling dangers and pertinent regulations. The aim of this study is to conduct the 
extensive and systematic investigation on the characterstics of CFA, and assessment of its 
toxic potential on human peripheral blood lymphocytes as a model using sensitive 
assays.The study has not simply plugged the gaps in existing knowledge, but is an apriori 
model study to provide scientifically valid information related to CFA induced DNA 
damage, and consequent human health hazards associated with CFA. 
2. Pesticides: A general perspective 
2.1. Definition of Pesticides 
Pesticides constitute a unique class of chemicals, which are much harmful than the 
chemicals in prescription and over-the-counter medication, and their residues are 
reportedly found in food and the environment as contaminants. The term "pesticide" is 
defined by the Federal Insecticide, Fungicide and Rodenticide Act (FIFRA) as "any 
substance or mixture of substances intended for preventing, destroying, repelling, or 
mitigating any pest". Commonly, the term pesticide is used as a synonym for insecticide, 
a substance that targets insect pests. However, under the legal definition, the following 
are all pesticides: fiingicides to kill molds and fiingi, herbicides to kill plants, rodenticides 
to kill rodents, and antimicrobials for killing bacteria and viruses. Thus, the definition 
includes insecticides, herbicides, fungicides, rodenticides, and antimicrobials as well as 
plant growth regulators, defoliants and desiccants. The pesticides in general include, the 
organophosphates, organochlorines, carbamates, pyridyliums, pyrethrin and synthetic 
pyrethroids, metals and metalloids, cyanides, anticoagulants, fluoroacetates, and 
dinitrophenols. 
2.2. Global Consumption of Pesticides 
The worid-wide consumption of pesticides is about 2 MT per annum, of which 24% 
is consumed in the USA alone, 45% in Europe and 25% in the rest of the world. India's 
share is just 3.75%. The usage of pesticides in India is only 0.5 kg ha"', while in Korea 
and Japan, it is 6.6 and 12 kg ha"', respectively (Gupta, 2004). Currently, the pesticides 
are being used on 25 % of the cultivated area. The three commonly used pesticides. 
gamma-HCH, DDT and malathion account for 70 % of the total pesticides consumption. 
These pesticides are still preferred by the small farmers because they are cost-effective, 
easily available, and display a wide spectrum of bioactivity. Out of the total consumption 
of pesticides, 80 % are in the form of insecticides, 15 % are herbicides, 1.46 % are 
fungicides and less than 3 % are others. In comparison, the world-wide consumption of 
herbicides is 47.5 %, insecticide is 29.5 %, and fungicides is 17.5 % and others account 
for 5.5 % only (Gupta, 2004). 
India is presently the second largest manufacturer of pesticides in Asia and ranks 
12* globally. In spite of huge consumption of pesticides, it is estimated that the crop 
losses vary between 10-30 % due to pests alone (Agnihotri, 1999). 
2.3. CMoroacetanilide herbicides 
The chloroacetanilides are among the most widely used herbicides for major crops 
like com, soybeans, sorghum, and rice. They are typical pre-emergent herbicides, active 
at very low concentrations.The chloracetanilide herbicides including acetochlor, alachlor, 
butachlor and propachlor are structurally similar class of pesticides. Acetochlor, alachlor 
and butachlor are metabolized to a quinoneimine, which is proposed to be responsible for 
the olfactory mucosal carcinogenicity (Mulkey, 2001). Acetochlor, alachlor, and 
butachlor induce glucuronidation activity, which is proposed as the basis for formation of 
thyroid follicular cell tumors in rats treated with these compounds. Exposure to the 
chloroacetanilides can occur via several routes, including the diet as residues on treated 
raw agricultural commodities that can be ultimately found in the human diet and drinking 
water. In this study, butachlor (Figure 2) has been specifically chosen due to its 
persistent application in agricultural fields in the region, and meager information 
available on the fate of this herbicide in soil as well as its interaction with biological 
macromolecules and toxic effects on humans. The detailed characteristics and toxicity 
related information on butachlor are described in chapters IV and V. 
2.4. Phenylurea herbicides 
Phenylurea compounds are the most widely used classes of herbicides for controlling 
the germinating and emerging grasses and broad-leaf weeds in field and fruit crops (U.S. 
EPA, 1995). The phenylurea herbicide such as isoproturon (Figure 3) is applied on non-
crop areas such as roads and railway lines (Giacomazzi and Cochet, 2004). The majority 
of currently available phenylurea herbicides are linuron, diuron and isoproturon 
compounds. The annual dose range of these herbicides varies from 0.4 to 6 kg ha" active 
ingredient, depending on the crop and soil type. Phenylurea herbicides are systemic 
herbicides, and are taken up by plants primarily by their root system after which they are 
transported passively via the xylem to the leaves where they inhibit photosynthesis by 
blocking electron transfer at the level of photo-system II. This results in chlorosis and 
necrosis of the plant (Caux, 1998). Also, some photosynthetic microorganisms such as 
green algae are susceptible to phenylurea herbicides. Most of the herbicide load enters the 
environment as diffused contamination from agricultural sources. Phenylureas are 
slightly or moderately mobile in soil and considered to be moderately persistent in the 
environment. 
Different phenylurea herbicides have been detected as pollutants of groundwater and 
surface water (Caux, 1998; Batisson, 2007). Several of them are listed as potential 
groundwater contaminants or possible priority hazardous substances (EU WFD 
2000/60/EC). Additionally, degradation products of phenylureas such as 3,4-
dichloroaniline (3,4- DCA) have been detected in groundwater and surface water (Claver, 
2006). These metabolites are even more persistent and bind strongly to soil constituents 
(Johannesen, 2003). Phenylureas are considered by US-EPA to be slightly toxic class III 
herbicides. Also, potential metabolites formed during abiotic and/or biotic degradation of 
phenylureas are included in the EPA list as they may cause long-term adverse effects in 
the aquatic environment. Tixier (2001) demonstrated that both 4-isopropylaniline (4-1 A), 
derived from isoproturon, and 3, 4-DCA derived from linuron or diuron displayed a much 
higher toxicity than their parent compounds. The detailed characterstics and toxicity 
related information on isoproturon are described in Chapters IV and V. 
2.5. Pesticides andDNA damage 
All pesticides released for applications routinely undergo testing for genotoxicity 
and carcinogenicity prior to market authorization. Those found positive for genotoxicity 
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Figure 2. Chemical structure of butachlor 
CH^— 
Figure 3. Chemical structure of isoproturon 
and/or carcinogenicity in tests systems, or, non-threshold genotoxic carcinogens are not 
approved to avoid any potential risks to individuals who might be exposed to these 
compounds. Possible abuse or misuse could lead to significant levels of exposure, 
particularly among those exposed occupationally. There are also concerns that the risk of 
genotoxicity from some pesticides might be appreciably greater than that predicted from 
toxicity tests (Bolognesi, 2003). Cytogenetic damage in circulating lymphocytes has been 
widely used as a biomarker of exposure. Pesticide exposure has been associated with 
increase in chromosome aberrations (CA), micronuclei (MN) and sister chromatid 
exchanges (SCE) in cultured lymphocytes isolated from peripheral blood from exposed 
individuals (Bolognesi, 2003). The assessment of cytogenetic effects in exposed subjects 
can serve as an early indicator of increased risk of cancer (Carbonell et ai, 1995; Falck et 
al, 1999). However, studies are inconsistent on the pesticide exposure and genotoxic 
damage, including the reliability of exposure assessment, the power of the studies, the 
suitability of control groups and the protocols used for determining genotoxicity. Since 
the pesticide products generally comprise a mixture of different chemicals and that more 
than one product may be used simultaneously, it is largely unfeasible to assess the 
potential effects of any specific pesticide of concern. Various studies of DNA damage 
including clastogenicity in pesticide applicators, and workers exposed to pesticides 
during manufacturing, formulation or during and after use have been reported. Humans 
are inevitably exposed to pesticides either through environmental contamination, or 
occupational exposure (Bolognesi, 2003; Boobis et al, 2008). Thus, intake of trace 
amounts of pesticide and their components is a growing human health concern (Stewart 
et al., 1999; Bolognesi, 2003). In the developing world, self-poisoning by pesticides is 
common. Each year, nearly 3 million cases of self-poisoning are reported worldwide. Of 
which 2,20,000 cases are reported as fatal (Bolognesi, 2003). Many pesticides and/or 
their components are potentially carcinogenic (Abu-Basha et al., 1999; Altobelli et al.. 
2001), teratogenic (Abell et al, 2000; Bolognesi, 2003), genotoxic (Bolognesi, 2003; 
Saquib et al, 2009), hepatotoxic (Jorens et al, 1997), and neurotoxic (Ralide, 1992). 
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2.6. Oxidative Stress andDNA Damage 
Oxidative stress normally occurs through an imbalance between the formation and 
neutralization of pro-oxidants. Various pathologic processes disrupt this balance by 
increasing the formation of free radicals in proportion to the available antioxidants. Free 
radicals are generally reactive oxygen species (ROS) or nitrogen species. Such as 
hydroxy! radicals, nitric oxide, peroxynitrite, singlet oxygen, peroxyl radicals and 
superoxide anions. ROS are formed during a variety of biochemical reactions and 
cellular fimctions. Free radical formation and the effect of these toxic molecules on cell 
function are collectively called "oxidative stress." The free radicals are highly reactive, 
unstable molecules that have an unpaired electron in their outer shell. They react with 
various cellular components including DNA, proteins, lipids/fatty acids and advanced 
glycation end products (e.g. carbonyls). These reactions between cellular components and 
free radicals lead to different types of DNA base modifications, as shown in Figure 4. 
Studies on ionizing radiations have shown multiple hydroxyl radical-induced genotoxic 
byproducts in the bases as well as the deoxyribose backbone of DNA. Among these 
byproducts, the most characterized one is 8-hydroxy-2-deoxyguanosine (8-OHdG) 
(Calviello et ah, 2006). This DNA lesion has been shown to be mutagenic in both 
bacterial and mammalian cells (Moriya, 1993). However, there are a number of studies 
indicating that oxidative DNA damage could not account entirely by itself for tumor 
development as they have shown that elevated levels of 8-OHdG do not reflect increased 
cancer rates (Halliwell, 2002; Arai et al., 2006). Besides, the mitochondrial malfunction 
and cell membrane damage are the manifestation of oxidative stress. Oxidative stress 
mediated DNA damage has been reported in various in vitro and in vivo experimental 
models. Cellular and molecular events underlying DNA damage, increased proliferation, 
cell death and further genetic instability are well documented (Hirrlinger et al. 2002; 
Halliwell, 2003; Danielsen et al, 2008). 
3. The Rhizosphere 
Hiltner (1904) first introduced the term rhizosphere, which is derived from the Greek 
word 'rhiza', meaning root, and 'sphere', meaning field of influence. The rhizosphere is 
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Figure 4. Types of oxidative damages in purine and pyremidine bases of DNA 
(Lu et al, 2001). 
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defined as the zone of soil immediately adjacent to legume roots that supports high levels 
of bacterial activity. However, more recently the term has been broadened to include both 
the volume of soil influenced by the root and the root tissues colonized by 
microorganisms (Pinton et al., 2001). The rhizosphere is further divided into the 
rhizosphere soil (ectorhizosphere), the root surface (rhizoplane) and the root epidermis 
and cortex intercellular space (endorhizosphere). Bacteria that are able to colonize 
beyond the casparian band are normally referred to as endophytes (Mclnroy and 
Kloepper, 1995). In this special environment v^ h^ere the plant is the provider of nutrition 
many different life forms are competing for their life space, and knowledge concerning 
the dynamics in this system is quite limited (Kaiser et al., 2001). This area has earlier not 
been possible to study in much detail since most organisms associated with roots were 
non-culturable in the lab (Kent and Triplett, 2002). However, the molecular methods such 
as, repPCR (Schneider and De Bruijn, 1996), DGGE (Smalla et al., 2001), gfp (Gage et 
al., 1996) and many more, made it possible to study the dynamics in the rhizosphere 
without the limitations imposed through isolation and cultivation on laboratory media. 
3.1. Pesticide Degradation in the Rhizosphere 
Chemicals released by the plants may enhance xenobiotic degradation, and it may 
therefore be beneficial to use plants in the remediation of contaminated soils (Crowley et 
al., 2001). There are three general mechanisms by which the rhizosphere may act to 
enhance cometabolism of anthropogenic contaminants (Crowley et al., 2001). First, the 
rhizosphere may allow selective enrichment of degrader organisms that have densities too 
low to significantly degrade xenobiotics in root-free soil (Jordahl et al., 1997; Nichols et 
al., 1997). Second, the rhizosphere may enhance growth-linked metabolism or stimulate 
microbial growth by providing a natural substrate when the concentration of xenobiotics 
is low or unavailable (Alexander, 1999). Agricultural soil serves as an ultimate sink for 
the pesticides, the disposal of unwanted pesticide stocks resulted in long-term 
contaminated sites (Perkovich et al., 1996). Consequently, a serious imbalance in agro-
ecosystem has resulted, as evident by the pollution of soil and water resources (Spliid and 
Kopper, 1998). 
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Soil microbiota is known to positively influence the (i) soil fertility (availability of 
plant nutrients) (ii) health (suppression of soil-borne plant disease) and (iii) detoxifying 
ability (Tiedje et al., 1999; Musarrat et al, 2000). The prevalence of soil microflora with 
innate and/or adaptive bioremediation potential contributes substantially in reducing the 
pollution load. Thus, a large number of pesticides are efficiently degraded in soil, due to 
effective mechanisms of recruitment and assembly of diverse catabolic pathways in soil 
bacteria. The incessant exposure of soil microorganisms to sub-lethal doses of 
agrochemicals has been shown to develop the enhanced detoxification ability, and 
acquisition of new traits (Felsot et al, 1982). These privileged microorganisms could be 
exploited for bioaugmentation of contaminated soil as a cost-effective method for 
bioremediation and soil health restoration vis-a-vis other mechanical technologies. It has 
been suggested that the key to understanding of soil functioning is the description of the 
composition and the biodiversity of soil microbial communities. 
3.2. Plant Growth Promoting Bacteria 
Plant growth promoting rhizobacteria (PGPR) are free-living, soil-borne bacteria, 
isolated from the rhizosphere, which when applied to seeds or crops, enhance the growth of 
the plant or reduce the damage from soil-borne plant pathogens (Kloepper et al, 1980). It 
has been estimated that more than 100 MT of nitrogen, potash and phosphate-chemical 
fertilizers have been used annually in order to increase plant yield (Click et al., 1999). The 
potential negative effect of chemical fertilizers on the global environment and the cost 
associated with production has led to research with the objective of replacing chemical 
fertilizers with bacterial inoculants. Bacterial inoculants, which help in plant growth are 
generally considered to be of two types: a) symbiotic and b) free-living (Kloepper et al., 
1988). 
Beneficial free-living bacteria referred to as PGPR are found in the rhizosphere of the 
roots of many different plants (Kloepper et al, 1989). Breakthrough research in the field of 
PGPR occurred in the mid 1970s with studies demonstrating the ability of Pseudomonas 
strains capable of controlling soil-borne pathogens to indirectly enhance plant growth and 
increase the yield of potato and radish plants (Kloepper and Schroth, 1981; Kloepper ei al. 
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1980). The effect of PGPR on agricultural crops has been investigated and published 
extensively in the last two decades (Enebak et al, 1998). Some strains demonstrated the 
ability to reduce acetylene and colonize roots of canola when grown at low temperatures 
(Lifshitz et al., 1986). The major PGPR strains were identified as Pseudomonas putida, P. 
putida biovar B, P. fluorescens, Arthrobacter citreus and Serratia liquefaciens (Lifshitz et 
al, 1986; Klopper et al., 1988). The ability of these strains to be used as bacterial inoculants 
in agriculture has been tested in greenhouse and field trials with different formulations and 
they increased the crop yield in the trials. Salamone (2000) reported the growth promoting 
effect oi P. fluorescens strain G20-18 on wheat and radish plants by production of cytokinin 
phytohormones. As the effect of PGPR on plants has been demonstrated, the concept of 
PGPR began to gain importance and a large number of bacterial strains have been screened 
(Chanway and Holl, 1993) and evaluated for plant growth promotion (Lifshitz et al., 1987; 
Salamone, 2000). The direct mechanisms of plant growth promotion may involve the 
synthesis of substances by the bacterium or facilitation of the uptake of nutrients from the 
environment (Glick et al., 1999). The indirect promotion of plant growth occurs when PGPR 
lessen or prevent the deleterious effects of plant pathogens on plants by production of 
inhibitory substances or by increasing the natural resistance of the host (Figure 5). The 
direct growth promoting mechanisms are as follows: i) nitrogen fixation ii) solubilization of 
phosphorus iii) production of phytohormones such as auxins, cytokinins, gibberellins and iv) 
lowering of ethylene concentration (Glick et al, 1999). The indirect mechanisms of plant 
growth promotion by PGPR include i) antibiotic production; ii) depletion of iron from the 
rhizosphere; iii) synthesis of antifungal metabolites; iv) production of fungal cell wall lysing 
enzymes; v) competition for sites on roots; and vi) induced systemic resistance (Kloepper et 
al, 1988; Liu et al, 1995; Glick et al, 1999). Some of the important mechanisms of action 
are reviewed in detail in the following sections. 
3.2.1. Direct mechanisms of plant growth promotion 
3.2.1.1. Production of indole acetic acid (lAA) 
One of the direct mechanisms by which PGPR promote plant growth is through 
production of plant growth regulators or phytohonnones (Glick el al, 1995). Frankenberger 
- * ' ' . » 
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Figure 5. Interactions between biocontrol plant growth-promoting rhizobacteria 
(PGPR). plants, pathogens and soil. These elements interact with one another through 
biotic and abiotic signals, many of which are still unknown. ISR, induced systemic 
resistance. {Adaptedfrom Difago and Hass, 2006). 
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and Arshad (1995) have discussed in detail the role of auxins, cytokinins, gibberellins, 
ethylene and absicisic acids (ABA) which, when applied to plants, help in increasing plant 
yield and growth. Microbial production of individual phytohormones such as auxins and 
cytokinins has been extensively reviewed over the last two decades (Pilet et ai, 1979). 
Several studies have reported the production of indole-3-acetic acid by microorganisms in 
the presence of the precursor tryptophan or peptone. Microorganisms isolated from the 
rhizosphere of various crops have the ability to produce auxins as secondary metabolites 
(Loper and Schroth, 1986). Bacteria belonging to the genera Azospirillum, Pseudomonas, 
Xanthomonas, and Rhizobium as well as Alcaligenes faecalis, Enterobacter cloacae, 
Acetobacter diazotrophicus and Bradyrhizobium japonicum have been shown to produce 
auxins, which help in stimulating plant growth (Patten and Glick, 1996). Various metabolic 
pathways such as a) indole-3-acetamide pathway; b) indole-3-pyruvic acid pathway; c) 
tryptophan side chain pathway; d) tryptamine pathway; and e) indole-3- acetonitrile pathway 
are involved in the production of lAA. Phytopathogens such as Agrobacterium tumefaciens, 
A. rhizogenes and P. syringae pv. savastanoi synthesize lAA via the indole-3-acetamide 
pathway (Liu et al, 1982; Offringa et ai, 1986). It has been suggested that E. cloacae, 
isolated from the rhizosphere of cucumber, synthesized lAA via the indolepyruvic acid 
pathway and promoted growth of various agricultural plants. Also, P. fluorescens 
demonstrated the ability to convert L-tryptophan directly into indole-3-acetaIdehyde 
(Narumiya et ai, 1979). Strains such as B. cereus and A. brasilense produced lAA by the 
tryptamine pathway (Perley and Stowe, 1966; Hartmann et al, 1983). Bacterial production 
of lAA suggests that the pathways involved in lAA production may play an important role 
in defining the effect of the bacterium on the plant (Patten and Glick, 1996). Glick et al. 
(1999) reported that most of the pathogenic strains of bacteria synthesized lAA via the 
indoleacetamide pathway while plants use the indolepyruvic acid pathway. This helps the 
bacteria to evade plant regulatory signals and thus the lAA produced induces uncontrolled 
growth in plant tissues. In contrast, the beneficial bacteria such as PGPR synthesize lAA via 
the indole pyruvic acid pathway and the lAA secreted is thought to be strictly regulated by 
the plant regulatory signals. Differences in the production of lAA among bacterial strains 
can be attributed to the various biosynthetic pathways, location of the genes involved. 
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regulatory sequences, and the presence of enzymes to convert active free lAA into 
conjugated forms. It is also dependent on environmental conditions (Patten and Glick, 
1996). 
3.2.1.2. Solubilization of the inorganic phosphate 
The plant growth promoting bacteria stimulate the growth of plant by mineralization of 
organic phosphate or by solubilization of inorganic phosphate with production of acids 
(Lifshitz et al, 1987). These bacteria are referred to as phosphobacteria and have been 
considered to have potential use as inoculants. Barber et al. (1976) showed that mixed 
populations of rhizosphere bacteria enhance uptake of phosphate by young barley seedlings, 
while causing a decrease in the uptake of phosphorus in older plants. The increase in dry 
weight was directly correlated to phosphorus uptake by barley seedlings. Similar results 
have been reported by Lifshitz et al. (1987) with ImM phosphorus, added to the growth 
medium. The combined effects of bacterial inoculation (P. putida GR12-2) and addition of 
phosphate on root and shoot length and weights were significant. Seed inoculation with P. 
putida GR12-2 increased the uptake of labeled phosphorus (^ ^P) and also enhanced shoot 
elongation of seedlings grown in sterile soil. Cattelan et al. (1999) performed an in vitro 
screening of 116 isolates obtained from soil for various PGPR traits including die ability of 
bacteria to solubilize phosphorus. 
3.2.2. Indirect mechanisms of plant growth promotion 
The indirect mechanism of plant growth promotion by PGPR is directly associated to 
their diseases suppressing mechanism. Bacteria having such traits are known as biocontrol 
agent. It is known that many biocontrol agents are able to suppress various diseases in 
different host plants, for instance P. fluorescens, CHAO isolated from soil suppressive to 
black root rot of tobacco (Voisard et al., 1989). In addition to this disease, CHAO also 
suppresses Pythium damping off in cress and cucumber (Maurhofer et al, 1994); crown and 
root rot caused by F. oxysporum f sp. radicislycopersici in tomato (Duffy and Defago, 
1997), pre-emergence damping-off caused by Pythium ultimum and Rhizoctonia solani in 
cucumber (Salman, 2010), as well as a number of soil borne diseases in wheat (Defago et 
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al., 1990a,b).There are some reports that strains with biocontrol activity have ability to use 
carbon sources that many bacteria are unable to use. For instance, tartaric acid (Khan et al., 
2001), adonitol, cellobiose, D-malate, L-fucose, maltose, raffmose malic acid, succinic acid 
and citric acid (Lugtenberg et al., 2001), linoleic acid (van Dijk and Nelson, 1998), inositol, 
saccharose, erythriol, m-hydroxybenzoate and 5-ketogluconate (Lemanceau et al., 1995), 
organic acids (Goddard et al., 2001) are carbon sources that are utilized exclusively and /or 
preferentially by some groups of bacteria. Many biocontrol agents, particularly the 
fluorescent pseudomonads are known to produce complex compounds as secondary 
metabolites with antibiotic activity (Leisinger and Margraff, 1979). Also, the production of 
extracellular enzymes (Berg et al., 2002), as well as iron chelating compounds like 
siderophores, is a common feature among biocontrol agents (Defago and Haas, 1990; 
Thomashow and Weller, 1996). 
3.2.2.1 Production ofsiderophore 
Iron is an essential growth element for all living organisms. Under iron-limiting 
conditions plant growth promoting bacteria produce low molecular weight compounds 
called siderophores to competitively acquire ferric ion (Whipps et al, 2001). Although 
the bacterial siderophores differ in their abilities to sequester iron, and they deprive 
pathogenic fungi with this essential element since the fungal siderophores have lower 
affinity (O'SuUivan et al, 1992; Loper et al, 1999). Some bacterial strains go one step 
further and draw iron from heterologous siderophores produced by cohabiting 
microorganisms (Lodewyckc et al, 2002). 
Siderophore biosynthesis is generally regulated by iron-sensitive Fur proteins, the 
global regulators GacS and GacA, the sigma factors RpoS, PvdS, and Fpvl, quorum-
sensing autoinducers such as 7/-acyl homoserine lactone, and site-specific recombinases 
(Cornells et al, 2002; Ravel et al, 2003). It has been reported that GrrA/GrrS, but not 
GacS/GacA are involved in siderophore synthesis regulation in Serratia plymuthica strain 
IC1270, suggesting that gene evolution occurred in the siderophore producing bacteria 
(Ovadis et al, 2004). A myriad of environmental factors can also modulate siderophores 
synthesis, including pH, the level of iron and the form of iron ions, the presence of other 
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trace elements, and an adequate supply of carbon, nitrogen, and phosphorus (Duffy et ai, 
1999). 
3.2.2.2. Production of hydrogen cyanide 
The secondary metabolite hydrogen cyanide (HCN) is produced by Pseudomonas 
fluorescens from glycine, essentially under microaerophilic conditions. The genetic basis 
of HCN synthesis in P. fluorescens CHAO has been reported. The contiguous structural 
genes hcnABC encoding HCN synthase were expressed from the T7 promoter in 
Escherichia coli, resulting in HCN production. Analysis of the nucleotide sequence of the 
hcnABC genes showed that each HCN synthase subunit is similar to known enzymes 
involved in hydrogen transfer to formate dehydrogenase (HcnA) or amino acid oxidases 
(HcnB and HcnC). These similarities and the presence of FAD or NADP-binding motifs 
in HcnB and HcnC suggest that HCN synthase may act as a dehydrogenase in the 
reaction leading from glycine to HCN and CO2. HCN and CO2 are formed 
stoichiometrically from glycine (Wissing et al, 1974; Gastric et al, 1977) in a poorly 
understood oxidative reaction catalyzed by HCN synthase (Castric et al, 1974; Gastric et 
al., 1981). This enzyme or enzyme complex appears to be membrane bound (Wissing et 
al, 1981). HCN synthase of a Pseudomonas sp. oxidizes glycine in the presence of 
artificial electron acceptors, e.g., phenazine methosulfate (Wissing et al, 1974). FAD 
stimulates this reaction, whereas pyrrolnitrin, an inhibitor of many flavin enzymes, and o-
phenanthroline, an iron chelator, strongly inhibit cyanide formation in vitro (Wissing el 
al, 1974). HCN synthase is very sensitive to molecular oxygen and has been purified 
only partially from Pseudomonas sp. and P. aeruginosa (Wissing, 1981; Gastric et al. 
1994). The four electrons produced by the HCN synthase reaction in vivo are transferred 
to oxygen, probably by components of the respkatory electron transport chain (Castric et 
al, 1994). In P. aeruginosa, no HCN is produced under fiilly anaerobic conditions when 
nitrate is the terminal electron acceptor (Gastric, 1975). Optimal expression of HCN 
synthase occurs during the transition from the exponential to the stationary phase (Castric 
et al, 1979) and at low oxygen levels (Gastric et al, 1983). Two regulatory proteins 
involved in these induction processes in P. aeruginosa have been identified: GacA and 
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ANR (Zimmermann et ah, 1991; Reimmann et al, 1997). The global activator GacA, a 
response regulator of a two-component system, positively controls the synthesis of HCN, 
other secondary metabolites, and exoenzymes by a cell-density-dependent mechanism 
(Laville et al, 1992; Reimmann et al, 1992). The FNR-like anaerobic regulator ANR is 
required for the induction of HCN synthase, the arginine deaminase pathway, and the 
entire denitrification pathway (Zimmermann et al, 1991). The P. aeruginosa mutants 
affected in either gacA or anr genes produce very little HCN (Reimmann et al, 1997; 
Zimmermann et al, 1991). P.fluorescens CHAO is an aerobic, root-colonizing biocontrol 
bacteria that protects several plants from root diseases caused by soil borne fungi 
(Voisard et al, 1994). HCN production by strain CHAO contributes to the suppression of 
black root rot of tobacco, a disease caused by Thielaviopsis basicola, under gnotobiotic 
conditions (Voisard et al, 1989). GacA-negative mutants of strain CHAO, which are 
pleiotropically defective in the synthesis of HCN, antibiotics, and exoenzymes, have lost 
the ability to protect tobacco from black root rot (Laville et al, 1992; Sacherer et al, 
1994). 
3.3. Discovery of phenazines 
As early as the 1860s, a blue colored substance was observed in the pus of injured 
soldiers, which on microscopic examination was found to be caused by a rod shaped 
microorganism named as Bacillus pyocyaneus, which was later designated as 
Pseudomonas aeruginosa (Villavicencio et al, 1998). Further in 1889, it was discovered 
that the concentrated cell-free culture fluid of the Pseudomonas aeruginosa was capable 
of killing several different kinds of bacteria. This concentrate was used as therapy for 
meningitis, influenza and diphtheria until the first few decades of the last century 
(Leisinger et al, 1979). The active compound in this culture concentrate was isolated and 
this blue-colored organic molecule has been named as pyocyanin (Fordos, 1859). The 
discovery of antimicrobial properties of this compound aroused further interest and 
instigated deeper investigation into the 'secondary metabolites' of pseudomonads and of 
other microorganisms in general (Woodruff, 1966; Aoyagi et al, 1978). This led to the 
19 
discovery of a range of compounds of bacterial origin, similar to pyocyanin, which were 
collectively designated as phenazines (Figure 6). 
B. 
R3 
Figure 6. General structure of phenazine produced by pseudomonads. 
3.3.1. Prevalence of phenazine producers 
The earliest known phenazines were discovered from the species Pseudomonas 
aeruginosa. These included the blue colored pyocyanin and the green chlororaphine 
(Leisinger et al, 1979). For a long time, it was thought that Pseudomonas aeruginosa is 
the sole synthesizer of phenazines in nature. However, in the second half of the 20th 
century a range of microorganisms capable of synthesising phenazines were discovered. 
It is now known that microorganisms are the exclusive source of phenazines in nature and 
phenazine producers are widely distributed in the biosphere. Phenazine producers have 
been identified as organisms belonging to a range of species like Methanosarcina maze 
(Archebacterium) (Abken et al., 1998), Pantoea agglomerans Eh 1087 
(Enterobacteriaceae) (Giddens, 2002), members of Streptomyces genus (Actinobacteria) 
(Turner, 1986), Pseudomonads, Burkholderia cepacia and B. phenazinium 
(Proteobacteria) (Chin-A-Woeng et ah, 1998), Pelagobacter variabilis and Vibrio 
(marine bacteria) (Turner, 1986; Chin- A-Woeng et al., 2003; Laursen et al., 2004). This 
long, albeit incomprehensive list indicates that the phenazine producers are spread over 
both Gram positive and Gram negative proteobacteria. Overall, phenazine producing 
species are more abundant among Gram negative bacteria with a high G+C genomic 
content. There is a considerable overlap in phenazine derivatives produced by different 
organisms in a growth condition dependent manner. Most intensively studied phenazine 
producers are the members of the fluorescent Pseudomonas species, in which these 
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compounds were first identified (Thomashow et ah, 1998). Fluorescent pseudomonads 
include organisms like Pseudomonas aeruginosa, P. fluorescens, P. chloraraphis, P. 
putida etc. which are Gram negative, strictly aerobic, polar flagellated and rod-shaped. 
3.3.2. Production of phenazines-1-carboxylic acid 
Phenazines (Phz) are N-containing heterocyclic pigments. They are regarded as low 
molecular weight secondary metabolites synthesized by a limited number of bacterial 
genera including Pseudomonas, Burkholderia, Brevibacterium, and Streptomyces 
(Blander et al, 1968). Almost all phenazines exhibit broad spectrum activity against 
various species of bacteria and fungi (Kitten et al, 1998). This activity is connected with 
the ability of phenazine compounds to undergo oxidation-reduction transformations and 
accumulation of toxic superoxide radicals in the target cells (Keel et al, 1992). Some 
phenazine compounds can act as bacterial virulence factors. For example, pyocyanin, 
produced by the opportunistic pathogen P. aeruginosa during cystic fibrosis has been 
shown to inhibit the ciliary function of respiratory epithelial cells (Chang et al, 1981). 
Phenazine antibiotics produced by the biocontrol strains P. fluorescens 2-79 and P. 
aureofaciens 30-84 are major factors in the ability of these strains to inhibit the growth of 
fungal root pathogens. Moreover, studies involving phenazine-deficient mutants have 
clearly demonstrated that antibiotic production in natural habitats plays an important role 
in the ecological competence and long-term survival of these strains in the environment 
(Picard et al, 2000). Early studies with radiolabeled precursors revealed strong links in 
several microorganisms between biosynthesis of phenazine compounds and the shikimic 
acid pathway (Blander et al, 1968). Phenazine-1,6-dicarboxylie acid is believed to be the 
first phenazine formed and from which others are derived. It has also proposed that the 
phenazine nucleus is formed by the symmetrical condensation of two molecules of 
chorismic acid and that enzymes involved in this conversion have many features in 
common with anthranilate synthases. Despite intensive biochemical studies, the 
biosynthetic intermediates have not been identified and little is known about the genetics 
of phenazine synthesis. 
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3.3.3. Biosynthesis ofphenazines 
The molecular backbone of phenazines consists of three aromatic rings with two 
nitrogen atoms in the middle ring. The phenazine biosynthetic operon contains 7 
conserved genes, /7AzABCDEFG, (Figure 7) and is present in phenazine producing 
Pseudomonas strains such as P. fluorescens strain 2-79 (Mavrodi et al, 1998), P. 
aereofaciem strain 30-84 (Pierson, III et al., 1995), P. aeruginosa strain PAOl (Mavrodi 
et al, 2001) and P. chlororaphis strain PCL139I (Chin-A-Woeng et al., 2001). The 
pathway for phenazine biosynthesis branches from the shikimate pathway (Figure 8), 
which is essential for the biosynthesis of aromatic amino acids (Turner and Messenger, 
1986). PhzC is involved in the synthesis of shikimic acid and bypasses the DAHP (3-
deoxy-D-arabino-heptulosonic acid 7-phosphate) synthetase. PhzE converts chorismate 
into ADIC (2-amino-2-deoxyisochorismic acid), PhzD converts ADIC into DHHA (trans-
2, 3- dihydro-3-hydroxyanthranilic acid) and PhzF dimerizes two DHHA molecules into 
phenazine-1-carboxylie acid (PCA) (Blankenfeldt et al, 2004). PhzA and PhzB 
accelerate this dimerization process and PhzG reacts with the phenazine precursor and 
catalyzes an oxidation/aromatization reaction (Parsons et al, 2004). Some strains contain 
additional phenazine modification genes that allow the modification of PCA into other 
phenazine derivatives. In P. chlororaphis strain PCL1391 an additional phzW gene 
converts PCA into PCN (Chin-A-Woeng et al, 2001). In P. aereofaciens strain 30-84, an 
additional/?/?zO leads to the synthesis of 2-hydroxyphenazine (Delaney et al, 2001). In 
P. aeruginosa PhzH converts PCA into PCN and PhzM and PhzS convert PCA into 
pyocyanin (Mavrodi et al, 2001). 
3.3.4. Chemical properties ofphenaunes 
Phenazines belong to the alkaloid class of compounds, which contain a basic amino 
group in their structure. They are water soluble and are secreted into media (Kerr, 2000). 
Most species synthesise two or more species-specific phenazines except Pseudomonas 
fluorescens, which is known to produce only phenazine-1-carboxylic acid (PCA) 
(Mavrodi et al, 1998). The relative amount of phenazines produced by a species is 
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Figure 7. Organization of phenazine biosynthetic operons in bacteria (Adapted from Mavrodi et 
al, 2005) 
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the production of redox active compounds 
Figure 8. Phenazine biosynthesis pathway in Pseudomonads (Adapted from Whelan et al., 
2006) 
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directly corelated with growth conditions (Van Rij et al., 2004). These nitrogen 
containing heterocyclic compounds are substituted at different points around their rings, 
which alter their solubility and biological activity to suit environmental demands of 
phenazine producing species. 
Phenazines have a characteristic absorption spectrum, which includes two intense 
peaks in the UV range between 250-290 nm and 350-400 nm and at least one in the 
visible range (400-600 nm) (Britton, 1983). The peak in visible range varies, depending 
on the modifications of the core phenazine structure as it results in development of a 
range of brilliant colors, from bright blue of l-hydroxy-5-methylphenazine (pyocyanin 
(PYO)), lemon yellow of phenazine- 1-carboxylic acid (PCA) to the bright orange of 2-
hydroxy phenazine (2-OHPCA). Till date more than 50 phenazine compounds of 
bacterial origin have been identified (Laursen and Neilson, 2004). The Pseudomonas 
species produce simple phenazines, whereas other more complex phenazine aldehydes, 
thioesters, ester and amides are made by Streptomyces and other phenazine producers. 
3.3.5. Biological significance of phenazines 
The biological significance of phenazines encompasses their broad spectrum 
antimicrobial, antiparasitic, antimalarial action over a vast range of organisms (Mavrodi 
et al., 2001; Cerecetto et al., 2004; Yang et al., 2005). The root associated soil borne 
pseudomonads - P. fluorescens, P. chlororaphis and P. aureofaciens produce PCA, 
phenazine-1-carboxamide (PCN), and hydroxyphenzaine-1-carboxylic acid (OH-PCA) 
respectively, which inhibit infection by soil borne phytopathogenic fungi (Chin-A-Woeng 
et al, 2003) and bacterial root diseases. The opportunistic pathogen P.aemginosa 
produces an array of phenazines including aerugenosin A and B (Hassan et al., 1980). 
The phenazines PYO and PCA are implicated in disease pathogenesis. Particularly, the 
PYO generates pathogenic symptoms leading to the effective killing of the nematode 
Caenorhabditis elegans by P. aeruginosa (Rahme et al., 1997; Mahajan-Miklos et al., 
1999). It is also found to be essential for lung infection in mice and the pathogenicity of 
P. aeruginosa in 'burned mouse' model (Cao et al, 2001; Lau, 2004). Both PCA and 
PYO alter expression of immunomodulatory proteins of human airway epithelial ceils 
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(Lau et al., 2005), lead to neutrophil inflammation (Look et ai, 2005), induce apoptosis 
of neutrophils (Usher et al., 2002), and thus among other factors contribute towards the 
persistence of P. aeruginosa infections (Lau et al., 2004). 
Phenazines are capable of mineral reduction and iron sequestering (Hernandez et al., 
2004), enabling accessibility of these essential minerals not only to phenazine producing 
species, but also other organisms present in soil, thus ultimately influencing the 
microflora in a given environment. ITie phenazines produced by P. agglomerans on the 
stigmas of apple flowers contribute towards the ability of this bacterium to suppress 
colonization by phytopathogenic Envinia amylovora, which causes fire-blight disease in 
apples (Giddens et al., 2003). Thus, phenazines as broad, host non-specific pathogenicity 
factors contribute towards the ecological fitness of phenazine producing strains in their 
natural habitats. 
3.3.6. Mode of action of phenazines 
The biological activities of phenazines have interested chemists for a long time and 
an estimated 6000 phenazine compounds have been synthesized or modified after their 
discovery from biological sources. These include chemically synthesized phenazines, 
which play an important role in physical and electrochemical research e.g. construction of 
microbial fuel cells for generation of green and renewable energy (Rabaey et al., 2005). 
Additionally, phenazines were designed to exploit their DNA intercalative properties, e.g. 
phenazine and phenazine-5,10-dioxide were found to be antiproliferative, and thus 
exhibit antitumour and anticancer activities (Yang et al., 2005). Although, the exact 
mechanism or effect of intercalation of DNA by phenazines is not well understood, it is 
thought that phenazines act by hindering DNA biosynthesis, replication or processing 
(Cerecetto et al., 2004). 
Phenazines are thought to diffuse across, or insert into membranes and readii> 
undergo redox-cycling in the presence of molecular oxygen, resulting in the uncoupling 
of oxidative phosphorylation and generating reactive oxygen species (Figure 9) like 
superoxide (O^) hydroxy! (OH) and hydrogen peroxide (H2O2) (Hassan et al., 1980; 
Turner, 1986). The accumulation of these radicals is toxic not only to bacteria but also to 
H 
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Figure 9. Phenazine reduction in Pseudomonads. (a) Characteristic gradient formed by 
standing cultures of P. aeruginosa. The darker blue at the top represents oxidized PYO, (b) 
Half-reaction representing generic two-electron phenazine reduction, (c) Schematic of 
phenazine reduction and auto-oxidation responsible for gradient formation in standing 
cultures. (Adapted from Whelan et al., 2006) 
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fungal and eukaryotic cells (Mahajan et al, 1999) thus conferring host non-specific 
pathogenicity to organisms producing phenazine. 
Hassett et al. (1995) reported that the superoxide dismutases of pyocyanin 
producing P. aeruginosa possess a higher activity than other known dismutases, which 
would protect this organism fi-om the harmful effects of phenazines. Though, the redox 
activity of phenazines is well known and the mode of action is hypothesized. The exact 
mechanism of how phenazines generate these species is not well understood. A more 
detailed understanding of mode of action of various phenazines, their influence on the 
molecular level and their metabolism is gradually emerging (Rabaney et al., 2005; Look 
et al, 2005). 
3.3.7. Functional analysis of phenazines 
Structural and functional analysis revealed that seven genes, phzABCDEFG are 
involved in the synthesis of PCA. These are localized within a 6.8 Kb fragment in P. 
fluorescens 2-79. The phz biosynthetic loci in P. fluorescens 2-79 (Turner et ah, 1986; 
Mavrodi et al., 1998), P. aeruginosa PAOl and P. chlororaphis PCL 1394 are highly 
conserved. Each phz locus contains a set of seven gene core operons, regulated in a cell 
density-dependent manner by homologues of Luxl, and LuxR (Latifi et al., 1995). In P. 
fluorescens 2-79, P. aureofaciens 30-84, and P. chlororaphis PCL 1391, the two 
homologues (phzl/R) are found directly upstream of the Phz core. Phz production in P. 
aeruginosa is controlled by two sets of regulatory proteins, rhll/R and lasI/R that are 
located elsewhere in the genome. The core gene products, PhzC, PhzD and PhzE, which 
are homologous with PhzE, PhzA and PhzB in strain 30-84 are similar to enzymes of 
shikimic acid and chorismic acid metabolism. PhzG is similar to pyridoxamine phosphate 
oxidase, which was found to be the source of cofactor for the PCA synthesizing enzymes. 
Products of phzA and phzB genes are highly homologous and appear to be involved in 
the stabilization of a putative PCA-synthesizing multienzyme complex. Based on the 
functional analysis of phz genes in strains 2-79 and 30-84, it has been suggested that 
various fluorescent pseudomonads have similar PCA synthesizing systems (Mavrodi ci 
al., 1998). Although p/iz biosynthetic loci of various strains of fluorescent pseudomonads 
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are highly homologous, individual species differ in the range of compounds they produce. 
For instance, P. fluorescens 2-79 produces only PCA, whereas P. aureofaciem 30-84 
produces, in addition to PCA, lesser amounts of 2-OHPHZ-l-carboxylic acid (2-OH-
PCA) and small quantities of 2-OH-PHZ. The conversion of PCA to 2-OH-PCA in strain 
30-84 is brought about by a genep/izO, which is located immediately downstream of the 
biosynthetic operon in strain 30-84. Orthoposition relative to carboxyl group, which 
results in the synthesis of 2-OH-PCA. PhzO is a non-heme, flavin diffiisibJe 
monooxygenase that adds a hydroxyl group to PCA. 
3.3.%. Genetic regulation ofphenazines inpseudomonads 
3.3.8.1. Global regulators gacS andgacA 
The two component regulatory system gacS/gacA (global antibiotic and cyanide 
sensor/activator) is highly conserved in pseudomonads and regulates many traits 
including virulence, survival, motility, biofilm formation, phase variation and the 
production of extracellular products (Chin-A-Woeng et ai, 2005; van den Broek et ai, 
2005). In Pseudomonas biocontrol strains, GacS and GacA are essential for the 
production of at least some secondary metabolites and extra-cellular enzymes with anti-
microbial activity including phenazines, proteases, HCN, diacetylphloroglucinol 
(DAPG), pyoluteorin, pyrrolnitrin, chitinase, phospholipase C, all of which can be 
involved in biocontrol (Chancey et al, 1999; Heeb and Haas, 2001; Zuber et ai, 2003; 
Chin-A-Woeng et ai, 2005). GacS is a histidine kinase sensor located in the cytoplasmic 
membrane. GacA is a transcriptional regulator and can be activated through 
phosphorylation by GacS. Between the global regulators gacS/gacA and production of 
secondary metabolites several molecular intermediates are known which include small 
noncoding regulatory RNAs, psrA, rpoS, and the quorum sensing regulators pfel/p/zzR. 
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1. Materials 
1.1. Pesticides and drugs 
Butachlor, 97% pure (CAS No. 23184-66-9) and Isoproturon 94.6% pure (CAS No. 
34123-59-6) and Distamycine-A were purchased from the Sigma Chemical Company, St. 
Louis, MO, USA. 
1.2. Chemicals, biochemicals and other reagents used 
Deoxyribonucleic acid (DNA) sodium salt, highly polymerized (Type I) from calf 
thymus, histopaque 1077, cytochalasin-B (Cyto-B), phytohemagglutinin-M (PHA-M), 
low melting temperature agarose (LMA) and normal melting temperature agarose 
(NMA), methyl methane sulphonate (MMS), ethyl methane sulphonate (EMS), 8-
Hydroxy-2'-deoxyguanosine (8-oxodG), X-gal and IPTG were purchase from Sigma 
Chemical Company, St. Louis, MO, USA. RPMI-1640 medium and fetal bovine serum 
(FBS) were purchased from BRL life Technologies Inc., Gaithersburg, MD, USA. Sigma 
Chemical Company, (USA). Phosphate buffered saline (PBS, Ca^ ^ Mg"^ * free), 
antibiotic/antimycotic solution, L-Glutamine, Heparin, Giemsa powder, trypan blue dye 
Methylene blue, Triton X-100 and ethylene diaminetetra acetic acid (EDTA), nutrient 
agar and Luria-Bertani media (Hi-veg) were purchased from Hi-Media Pvt. Ltd, India. 
Polyclonal primary (Goat Anti 8-Hydroxyguanosine) and secondary (Donkey Anti 
Sheep/Goat IgG:HRP) antibodies specific for 8-Hydroxy-2'-deoxyguanosine detection in 
DNA were purchased from Serotech, UK. Slides and cover slips were supplied by Blue 
Labels Scientifics Pvt. Ltd, Mumbai, India. Tri-carboxylic acid (TCA), disodium 
hydrogen phosphate, dipotassium hydrogen phosphate, potassium hydroxide, potassium 
iodide, sodium chloride, formamide, sulfuric acid, potassium dichromate, diphenylamine 
and, perchloric acid (70%) was purchased from Qualigens Fine Chemicals, Mumbai. 
India. 
27 
Table 1. Plasmid cloning vectors 
pGEM-T 
pDrive 
Amp "^  (Promega, Madison WI, USA) 
Amp' and Kan' (Qiagen Inc. USA) 
Table 2. Details of the primers used in this study. HPLC purified oligonucleotides 
obtained from Sigma Genosys, Bangalore, India. 
Primer Sequence (5'-3') Tm %GC Length Target genes Amplicons 
(nt) in operons size (bp) 
PCAf 
PCAr 
Acaf 
Acbr 
fDl 
GGCGACATGGTCAACGG 
CGGCTGGCGGCGTATTC 
66.6 64.71 17 
70.1 70.59 17 
PhzC&D 
ACTGCCAGGGGCGGATGTGC 75.8 70.00 20 
haiB&C 
ACGATGTGCTCGGCGTAC 65.1 61.11 18 
AGAGTTTGATCCTGGCTCAG 61.0 50.00 20 
rDl AAGGAGGTGATCCAGCC 
M13 f GTAAAACGACGGCCAGT 
M13 r AACAGCTATGACCATG 
SP 6 ATTTAGGTGACACTATAG 
602 58.82 17 
16SrRNA 
Sequencing 
Sequencing 
1405 
586 
1498 
Table 3. Enzymes used in this study. 
Taq polymerase 
Lysozyme 
RNase A 
Restriction enzymes 
Proteinase K 
Fermentas GMBH, Germany 
Sigma Chemical Co., USA 
Fermentas GMBH, Germany 
Fermentas GMBH, Germany 
Sigma Chemical Co., USA 
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Table 4. DNA molecular weight markers 
Q>Xn4/BsuR \{Hae III) 
Lambda ViHklEcoR l+Hind 111 
Fermentas GMBH, Germany 
Fermentas GMBH, Germany 
Table 5. Molecular biology kits 
PCR product cloning kit 
DNA extraction kit 
Qiagen lnc.,USA. 
Qiagen Inc., USA. 
2. Methods 
2.1. pH measurements 
pH measurements were carried out on an Elico digital pH meter (Model LI 610) 
using a combined electrode (Type CL-51). The least count of the pH meter was 0.01 pH 
unit. The pH meter was routinely calibrated at room temperature with standard buffers of 
pH 4.0, 7.0 and 9.2. 
2.2. Quantitative analysis of DNA in solution 
Spectrophotometric estimation of DNA was carried out according to the method of 
Schneider (1957) by using diphenylamine reagent. 
(a) Diphenylamine reagent 
1.0 g of diphenylamine was accurately weighed and dissolved in 100 ml of glacial 
acetic acid and then 2.75 ml of concentrated sulfuric acid was added and mixed 
thoroughly. The diphenylamine reagent was freshly prepared at the time of experiment. 
(b) Assay procedure 
Varying amounts of stock DNA (600 ^g mf') in a constant volume of 1.0 ml were 
mixed with 2.0 ml of diphenylamine reagent and heated for 20 min in a boiling water 
bath. The absorbance of the blue color developed was read at 600 nm and a calibration 
curve was plotted. 
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2.3. ELISA based 8-hydroxy-2'-deoxyguanosine (8-oxodG) quantitation 
Quantitative estimation of 8-oxodG in calf thymus DNA was done by plotting the 
standard calibration curve of commercially available 8-oxodG, as per the instruction 
provided by manufacture. In brief, the commercially available 8-oxodG at concentrations 
of 250, 500, 1000, 1500, 2000, 2500 and 3000 ngml"' were immobilized by a simple dry 
absorption for overnight at 40 °C. The blocking of the non-specific sites was performed 
by adding 300 ^l of blocking solution containing 3 % BSA in PBS (Ca^^ and Mg^* free) 
to each well and the plates were further incubated at 37 °C for 3h. Subsequently, 100 jxl 
weir' of polyclonal antibody (Goat-anti-8-hydroxyguanosine) against 8-hydroxy-2'-
deoxyguanosine at 1:1,00,000 dilution in blocking solution was added. Plates were 
incubated at ambient temperature for 2 h. The plates were then washed three times with 
PBS containing Tween-20 (0.05 %). After washing, 100 fil well"' of secondary antibody 
(Donkey-anti-goat IgGrHRP; 1:25,000 diluted) in blocking solution were added and the 
plates were further incubated for 2 h at 37 °C. The plates were washed thrice with PBS 
plus 0.05% Tween-20 and then 50 nlwell' of Ix TMB (3,3',5,5'-Tetramethylbenzidine) 
substrate was added to develop the color. The reaction was stopped by adding 2M H2SO4 
(50 nlweir'). The optical density of the yellow color developed was measured with a 
micro plate reader (Labsystems, USA) at 450 nm and plotted as a function of 8-oxodG 
concentration (Figure 10). 
2.3.]. Buffers and solutions used in ELISA 
(a) Phosphate buffer saline 
The commercially available phosphate buffered saline (PBS, Ca^ * Mg^ ^ free) 
was used. 
(b) Blocking solution (IX) 
5 % blocking solution was prepared by adding 5 g bovine serum albumin 
(BSA) in 100 ml of PBS. 
(c) Wash solution 
Washing solution was prepared using detergent Tween-20 (0.05 %) v/v in PBS. 
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Figure 10. Calibration curve for the estimation of 8-Hydroxy-2'-Deoxyguanosine. 
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(d) Antibody dilution buffer 
Primary and secondary antibodies were diluted in IX blocking solution. 
2.4. Lymphoqfte isolation 
Blood was drawn from the healthy male volunteer, aged 28 years, free from the 
habits of smoking, consumption of alcohol, chewing of tobacco, not participating in high 
physical activities and was not on any type of medication during the period of blood 
sampling. In order to obtain lymphocytes, 3 ml of blood was drawn through venous 
puncture and 3 ml of complete RPMI-1640 medium were added in a centrifuge tube. A 
layer was formed over 2 ml of histopaque and, the tube were centrifuged at 2000 rpm for 
20 min at room temperature. The visible layer of lymphocytes formed at the media-
histopaque interface was carefully taken out. The lymphocytes were then rinsed with 
medium by centrifiigation at 1000 rpm for 10 min. The recovered pellet was resuspended 
in medium, and processed quickly for the experiments. 
2.5. Cell culture media, buffers and solutions used for SCGE (comet) assay 
(a) RPMI1640 media preparation 
RPMI-1640 (with L-glutamine and without sodium hydrogen carbonate) in 
powdered form was dissolved in 500 ml of autoclaved Milli-Q water under aseptic 
conditions. L-glutamine (300 mg) and 2 g of sodium hydrogen carbonate were added and 
mixed properly to obtain a clear solution, then pH was adjusted to 7.4 using IN HCI. 
Subsequently, 10 ml of antibiotic/antimycotic solution was also added and then final 
volume was raised to 900 ml with autoclaved Milli-Q water. The medium was filtered 
through 0.22 i^M filter unit and were kept at 37 "C for the sterility checking, and then 
kept at 4 ''C till fiirther use. 
(b) Lysing solution 
The lysing solution stock was prepared by dissolving 2.5 M NaCl , 100 mM EDI A 
and 10 mM Tris-HCl in 700 ml Milli-Q water. Subsequently, 8 g of NaOH was added to 
this mixture and the pH was adjusted to 10.0. Final volume of the solution was raised to 
900 ml and stored at room temperature. To prepare fresh working solution, 40 ml of the 
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stock solution was mixed with 400 ^1 of Triton X-100 and refrigerated at 4 °C at least for 
30 min prior to use. 
(c) Electrophoresis buffer 
ION NaOH and 200 mM EDTA stock solutions were prepared separately by 
dissolving 200 g of NaOH in 500 ml and 37.22 g of EDTA in 500 ml of Milli-Q water. 
The stock solutions were stored in dark at room temperature. For every electrophoresis 
run, aliquots of 30 ml NaOH and 5 ml EDTA was added to chilled Milli-Q water and the 
volume was raised to 1000 ml, and the pH>13 was ensured. 
(d) Neutralizing buffer 
0.4 M Tris-HCl buffer (pH 7.5) was prepared in Milli-Q water and stored at 4 °C. 
(e) Staining solution 
Stock solution of (10 mgml'') of ethidium bromide (EtBr) was prepared by 
dissolving 100 mgmf' EtBr in 10 ml of Milli-Q water. The stock was kept in an amber 
bottle and stored at 4 °C. Before the experiment, 20 |il of this concentrated stock were 
taken and added to 9.980 ml Milli-Q water to get a fresh diluted stock 20 ^gml' 
concentration. 
(f) Normal melting agarose (NMA, 1 %) 
Agarose (1 g) was added to 70 ml of Milli-Q water and heated to dissolve the 
agarose. Ensuring the complete dissolution, volume was raised to 100 ml to get a 
concentration of 1 %. 
(g) Low melting point agarose (LMA, 1 %) 
Low melting agarose (1 %) was prepared in PBS and aliquoted to 5 ml samples into 
glass vials and refrigerated until needed. Agarose was melted in the microwave before 
experiment. The vials with molten agarose were maintained at 37 °C in a dry bath. 
(h) Preparation of base slide 
Conventional slides with 1.5 cm frosted ends were used for comet analysis. The 
slides were dipped in methanol and exposed to blue flame for removing traces of machine 
oil. Slides were then dipped for two-third of their length into molten 1 % NMA. The 
slides were wiped on the under surface and left for overnight for complete drying to 
obtain a base layer. 
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2.6. Solutions used in cytokinesis blocked micronudeus (CBMN) assay 
(a) Fixative solution 
Camoy's fixative solution of methanol and glacial acetic acid was prepared in a ratio 
of 3:1 (96 ml of HPLC grade methanol was mixed with 32 ml of glacial acetic acid) and 
kept at 4 °C. 
(b) Hypotonic solution (0.56%) 
Potassium chloride (0.56 g) was dissolved in 100 ml of autoclaved Milli-Q water and 
incubated at 37 °C. Freshly prepared hypotonic solution was used in each experiment. 
(c) Giemsa staining solution (6%) 
Giemsa powder (0.6 g) was dispensed in 33 ml of glycerol and kept in oven at 60 C 
for overnight. To this, 33 ml of methanol was added and mixed properly. The solution 
was filtered through Whatman filter papers (No.l) and stored in amber color bottle at 
room temperature until use. The working solution of Giemsa stain was prepared by 
mixing 5 ml of Giemsa stock with 95 ml of potassium phosphate buffer. 
2.7. Collection of soil sample 
Soil samples were collected fi"om the agricultural farm of U.P Agriculture 
Department, Kalai, Aligarh. Composite samples were collected and transferred to 
polythene bags and immediately transported to the laboratory. 
2.7.1. Assessment of physio-chemical characteristics of collected soil 
Physio-chemical characteristics of soil were studied using standard methods as 
described below: 
2.7.2.1. pH 
Suspension of soil sample was prepared in Milli-Q water in the ratio of 1:2 (w/v) 
and allowed to stand for 30 min with continuous shaking on rotatory shaker at 100 rpm, 
and pH was determined using digital pH meter. 
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2.7.2.2. Temperature 
The soil temperature was recorded at the sampling site using Hicks mercury 
thermometer. 
2.7.2.3. Water holding capacity (WHC) 
WHC of soil samples was determined according to the standard method. 50 g of air-
dried soil was taken in a funnel lined with glass wool at its neck and the end fitted with 
rubber tubing and stop cork. 50 ml water was added to the soil and allowed to stand for 
30 min. and than allowed to drain for 30 min. The difference in the volume of water 
initially added and the volume of water drained from the soil was taken as the WHC and 
expressed as percentage. 
2.7.3. Morphological, biochemical, BIOLOG and 16SrRNA gene based 
characterization of the bacterial strains 
Bacterial isolates were characterized using the morphological, biochemical and 
Biolog tests and techniques as described below: 
2.7.3.1. Morphological characterization using Gram staining 
The bacterial cultures were grown overnight and Gram staining performed as 
according to the standard method described in Appendix 1. 
2.7.3.2. Biochemical characterization 
2.7.3.2.1. Indole production 
Autoclaved nutrient broth (Appendix 2) was inoculated and incubated at 30 °C for 24 
to 48 h. Kovac's reagent was added to the broth and observed for the formation of red ring, 
which was used as index for positive test. 
2.7.3.2.2. Methyl red 
Autoclaved MR-VP broth was inoculated and incubated at 32 "C for 24 to 48 h. 
Methyl red (Appendix 3) was used as an indicator for the test and red color produced 
was considered as positive test. 
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2.7.3.2.3. Voges-Proskauer 
Autoclaved MR-VP broth (Appendix 4) was inoculated and incubated at 32 C for 
24 to 48 h. Barrit's reagent (Appendix 5) was added and observed for change in color to 
red, which was used as an index for positive test. 
2.7.3.2.4. Citrate utilization 
Autoclaved Simmon's citrate agar slants (Appendix 6) were streaked and incubated 
at 32 °C for 24 to 48 h. Change in color from green to blue was considered as positive 
test. 
2.7.3.2.5. Catalase 
Autoclaved nutrient agar slants (Appendix 7) were inoculated with each test 
organism and incubated at 30 °C for 24 to 48 h. 3% H2O2 was added to the slants and 
observed for the appearance of bubbles of O2. 
2.7.3.2.6. Oxidase 
Oxidase disc were moistened with distilled water. Cultures with the help of sterilized 
loop were spread on oxidase disc. The color of disc changes to deep purple which showed 
a positive test while the colorless spot indicates a negative test. 
2.7.3.2.7. Nitrate reduction 
Autoclaved trypticase nitrate broth tubes were inoculated and incubated for 24 to 48 
h at 30 *^ C. 5 drops of solution A were added followed by few drops of solution B to all 
nitrate broth cultures and observed for red color development. 
2.7.3.3. Quantitative estimations of lAA and soluble phosphate 
The lAA and soluble phosphorus were assessed quantitatively by the methods of 
Brie et al. (1991) and King (1930), respectively. Calibration curve for lAA was 
developed using pure indole acetic acid ranging from 0 to 25 ngml'. The absorbance of 
pink color developed was read at 530 nm and plotted as Figure 11. For estimation of 
soluble phosphorus, the potassium dihydrogen orthophosphate (KH2PO4) was used as a 
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source of inorganic phosphate in concentration range of 0-lOngml" . The blue color 
developed was read at 600 nm and the calibration curve was plotted as shown in Figure 
12. 
2.7.4. Nucleotide sequencing of the 16SrRNA, hen andphz genes 
2.7.4.1. Isolation ofDNAfrom bacterial culture 
Genomic DNA from the bacterial cultures were isolated and purified by a 
cetyltrimethylammonium bromide (CTAB) miniprep procedure (Ausubel et al, 1995). 
Briefly, cells were homogenized with 0.5ml CTAB buffer (2% CTAB; 100 mM Tris-HCl 
pH 8.0; 20 mM EDTA ; 1.4 M NaCl; 1 % SDS) containing 10 mM p-mercaptoethanol 
and incubated at 60 °C for 20 min. The homogenate was mixed with phenol: chloroform: 
iso-amyl alcohol (25:24:1) and centrifijged at 14,000 rpm for 6 min. The aqueous phase 
was precipitated with an equal volume of isopropanol and 1/10* volume of 3M sodium 
acetate (pH 5.2) and kept overnight at -20 °C. The pelleting of DNA was carried out at 
14,000 rpm (4*^C)for 15 min. The pellet was washed with 70 % ethanol; vacuum dried 
and dissolved in 50 \i\ nuclease-free water. The concentration was determined and the 
preparation was stored in ethanol at -80 °C. 
2.7.4.2. Polymerase chain reaction ((PCR) amplification of genes 
The PCR of selected bacterial genes was carried out using the following protocol. 
Component Quantity 
DNA 2.0^1 
10 X PCR buffer 2.5^1 
MgCl2(25mM) 1.5^ 1 
dNTPs (2 mM) 1 .O^ il 
Forward primer (25 pmol) 1.0|i,l 
Reverse primer (25 pmol) 1.0|il 
Taq DNA-Polymerase (3 u^f') 1.0|j,l 
H2O ]5.0|ul 
Total 25.0^1 
PCR was carried out using the thermocycler, TechGene (U.K.) using appropriate cycles 
and conditions. 
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2.7.4.3. Agarose-gel electrophoresis ofPCR amplified genes 
PCR amplicons were separated using 0.8 to 2.0 % (w/v) agarose gels in TAE buffer 
containing ethidium bromide (0.2 ^gml"') with 4 V/cm and examined by UV light at 254 
nm, using a transilluminator. Gels were documented, analyzed and photographed to 
record results. 
2.7.4.4. Extraction of PCR amplicons from agarose gel. 
PCR amplicons were recovered from agarose gel using QIAEX II agarose gel 
extraction Kit. This protocol was designed for the extraction of 40 bp to 50 kb DNA 
fragments from 0.3-2 % standard agarose gels in TAE buffer. DNA molecules were 
adsorbed to QIAEX II silica particles in presence of high salts. All non-nucleic acid 
impurities such as agarose, proteins, salts, and ethidium bromide were removed during 
washing steps. The desired amplicons were excised from the agarose gel under UV light. 
The gel slice was weighed and added with 3 volumes of Buffer QG added to gel followed 
by addition of 10 [il of QIAEX II buffer. The mixture was incubated at 50 °C for 10 min 
to solubilize the agarose and binding of DNA. The supernatant was carefully removed 
and pellet thus obtained was washed with 500 ^1 QG Buffer and then twice with 750 ^1 
PE Buffer. The pellet containing DNA was air-dried and dissolved in 10 mM Tris-HCl. 
The preparation was incubated at 50 °C for 5 min and centrifuged for 30 sec. The 
supernatant was carefiilly pipetted out in a clean microfiige tube. 
2.7.4.5. Ligation of the bacterial genes in plasmid cloning vector 
Ligation reaction was performed using vector and amplicon in the ratio of 1:3 as per 
standard procedure. The ligation mixture was centrifiiged and incubated overnight at 4°C. 
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Recipe for ligation mix 
Reagents Volume added (^ 1) 
Vector 1.0 
2 X ligation buffer 5.0 
Amplicon 3.0 
Nuclease free water 1^ 0 
Total 10^ 0 
2.7.4.6. Preparation of competent cells (CaCh method) of host strains 
A single colony of host strain was inoculated in 5 ml LB medium and incubated at 
37 °C with continuous shaking. After 16 h, 1ml of the pre-culture was inoculated in 100 
ml fresh medium and incubated at 37 °C until OD of culture reaches 0.3 at 600 nm. The 
culture was kept on ice for at least 15 min at 4 °C in pre-cooled sterile tubes. The cells 
were harvested and centrifuged at 5,000 rpm for 5 min and the supernatant was discarded. 
The pellet was resuspended thoroughly in a small volume of ice cold 100 mM CaC^. The 
cell suspension was diluted with the CaCb solution to a final volume of 30 to 40 ml and 
left on ice for 25 min with occasional shaking. Further, the cells were spin down and the 
pellet was resuspended in 5 ml CaCb containing 15% glycerol. The suspension was 
dispensed in 100 to 400 |il aliquots and stored at -80 °C. The transformation efficiency of 
the bacterial cells was evaluated. 
2.7.4.7. Transformation of recombinant plasmid cloning vector into competent cells 
The culture of competent bacterial cells was thawed and 20 ng ligated vector was 
added to 100 \i.\ competent cells in cold 1.5 ml microfuge tube, mixed carefully and kept 
on ice for 20 min. The mixture was then heat-shocked at 42 °C for 90 sec, thenl ml 
antibiotic- free LB medium was added and the tube was incubated at 37 °C for 30 min. 
2.7.4.8. Selection of transformants 
The transformants were selected on the basis of blue/white colony color. The white 
colonies were selected and subsequently plated on LEA plate containing ampicillin, X-
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gal and IPTG. The plate having individual transformant in grid served as master plate and 
store at 4°C. 
2.7.4.9. PlasmidDNA isolation from clones 
Clones from master plates were grown overnight in presence of 
ampicillin/kanamycin (100 ^igml') for the purification of recombinant plasmid DNA 
using the boiling lysis (Sambrook et al, 1989) and miniprep methods (Bimboim and 
Doly, 1979), as describe below: 
2.7.4.9.1. Boiling lysis method of plasmid isolation 
Bacterial cells from the overnight culture were centrifliged for 5 min at 8,000 rpm 
and supernatant was removed by gentle aspiration. The pellets were resuspended in 
solution A (100 ^1) containing 4 ^l lysozyme (10 mgml"' in 10 mM Tris-HCl, pH 8.0) 
and boiled for 1 min. The bacterial lysate was centrifuged at 12,000 rpm, for 10 min at 
room temperature and the pellet was removed. The plasmid DNA from the remaining 
supernatant was precipitated with equal volume of ice cold isopropanol. The pellet was 
recovered by centrifiigation 12,000 rpm for 15 min at 4 °C. The pellet was washed twice 
with 70 % ethanol, vacuum dried and finally dissolved in 50 ja,l sterile Milli-Q water. 
2.7.4.9.2. Mini-preparation method of plasmid isolation 
Cells from the overnight freshly grown bacterial culture (~1.5 ml) were harvested by 
centrifiigation at 12,000 rpm for 5 min. The pellet was subsequently resuspended in 
solution A (100 \i\) and incubated for 5 min at room temperature. Thereafter, solution B 
(200 |il) and solution C (300 1^) were added. The mixture was incubated for at least 15 
min on ice and centrifuged for 10 min at 12,000 rpm at room temperature. The 
supernatant was transferred to a fresh tube and plasmid was precipitated from the 
supernatant by adding two volume of ethanol. The pellet was recovered by centrifugation 
at 14,000 rpm for 15 min, vacuum dried and finally dissolved in 50 1^ sterile Miiii-Q 
water. 
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2.7.4.10. Confirmation oftransformants 
The presence of gene insert in transformants was confirmed by restriction analysis. 
Isolated plasmid DNA was digested with restriction enzyme Eco RI in the 20 \i\ of total 
reaction mixture containing (lOX reaction buffer, 2 nl; Plasmid DNA, 4 nU £coRI, lul 
(10 U^^'), and Milli-Q water, 13 nl) at 37 °C for 4 h. The digested sample was 
electrophoresed on 1 % agarose gel and the insert size was ascertained in comparison 
with PCR amplicons. All clones were tested for the presence of the genes by PCR using 
respective primers. 
2.7.4.11. DNA sequencing cloned genes 
The cloned genes were sequenced using an automated ABI-Prism 377 DNA 
Sequencer (Applied Biosystems) at DNA Sequencing Facility, Department of 
Biochemistry, South Campus, University of Delhi, India. The sequencing reactions were 
carried out with AmpHTaq^ "^  DNA Polymerase FS dye terminator cycle sequencing 
chemistry using the 'ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction 
Kit' (Applied Biosystems) according to the manufacturer's protocol. 
2.7.4.12. Multiple sequence alignments, phytogeny determination and bioinformatic 
analysis of selected bacterial genes and their corresponding proteins. 
The DNA and protein sequences were compared with other sequences retrieved from 
GenBank using the program Blast (Altschul et al., 1997). The homologous sequences 
were aligned using ClustalW with default parameters (Thompson et al, 1994). The 
alignment was corrected by in coding regions to maintain the alignment of the encoded 
amino acids. Phylogenetic relationships on the basis of RNA and protein coding genes 
were determined and trees were constructed by neighbour-joining (NJ) method (Saitou 
and Nei, 1987). The nucleotide pair-wise genetic distances were corrected by using 
Kimura two-parameter methods (Kimura, 1980), including transitions and transversions 
unweighted and handling gaps by pair-wise deletion. The significance of the internal 
branches was evaluated by using 1000 bootstrap replications. All branches with <40 % 
bootstrap support were judged as inconclusive and were collapsed. Branch lengths for all 
trees were normalized to 0.02 % divergence. 
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1. Introduction 
Coal is the major source of commercial energy production in India. About 75% of 
thermal energy in India is generated from coal combustion in 85 different coals fired 
utility and power plants (Mukherjee and Zevenhoven, 2006). India has been categorized 
as world's third largest coal producing country by a record production of 292 MT in 1998 
(OECD/IEA, 1999). In India, the utilization rate of coal is 13%, which is far below the 
global utilization rate of 25% (Iyer and Scott, 2001). Indian coals have an ash content of 
30-50% with gross calorific value 12-21 MJ kg"' (Bhattacharjee and Kandpal, 2002). Due 
to high ash content, a huge amount of Coal fly ash (CFA) is generated in thermal power 
plant, causing environmental and social problems as well as eco-environmental 
imbalances. 
The indiscriminate and large scale use of coal in power generation increased the release 
of heavy metals into the environment (Swaine and Goodarzi, 1995). Particles generated 
during combustion of coal are mainly composed of a carbon core to which substances 
such as metals and polyaromatic hydrocarbons (PAHs) are bound (Zhou et al., 2005; 
Rubin, 1999). Exposure to ultrafine particles containing toxic heavy metals is one of the 
most important considerations in assessing the risks of environmental pollutants. The 
carcinogenic potential of these heavy metals is a major issue in defining human health 
risk after the exposure. Due to the minute particle size and presence of metals and other 
carbon compounds, CFA have been considered as a hazardous material for living 
organisms (Kalra et al, 1998). It is well known that the metal exposure increases 
oxidative DNA lesions due to their ability of generating reactive oxygen species (ROS) 
(Kasprzak et al, 1997). Oxidative DNA lesions have been implicated in various diseases 
including cancer and premature aging (Cerutti, 1994; Beckman and Ames, 1998). 
Epidemiological studies have found particulate air pollution in the urban environment to 
be associated with increased incidence of cancer, especially lung cancer (Oxman et al., 
1993). Undoubtedly, the by-products of thermal power plants are continuously 
contaminating the environment and posing serious health risks to humans. Assessment of 
heavy metal concentration and their toxicity require detailed investigations. The present 
study is based on the premise that the presence of toxic heavy metals viz., Cr, Se. As, Ni. 
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Cu, Co and aromatic compounds in CFA may act as potent pro-mutagenic agents and 
most likely induce genotoxicity in exposed human population. 
In spite of the huge production of CFA by thermal power plants, it is very hard to find 
reports, which address the adverse effect of CFA on genetic material. Lack of studies on 
this aspect prompted us to investigated the CFA induced genotoxicity with the aim to (i) 
characterize the ultrafme CFA nanoparticles using X-ray diffraction (XRD), Fourier 
transform infrared (FTIR), transmission electron microscopy (TEM), scanning electron 
microscopy (SEM) and atomic force microscopy (AFM ), (ii) examine the ability of both 
aqueous and DMSO extracts of CFA to induce DNA damage in human lymphocytes, (iii) 
quantification of number of DNA strand breaks and oxidative lesions, and (iv) analysis of 
CFA induced chromosomal breaks (micronuclei formation) in human lymphocytes. 
42 
2. Materials and Methods 
2.1. Sampling ofCFA 
CFA has been collected from Kasimpur thermal power plant, located around 14 km 
North of Aligarh, India. It is situated at Upper Ganges Canal and generates 530MW of 
electricity. This power plant consumes 3192 ton of bituminous coal d"' and produces 650 
ton d~' of fly ash. The waste ashes are transported to the dumping area of the coal 
reserves for disposal. 
CFA samples were collected from the dumping site of power plant with a hand 
trowel from the depth of 10-15 cm. Samples were mixed thoroughly to obtain a 
composite sample, representative of the test region. Aliquots of 1-2 kg were stored in a 
pre-labeled polythene bags and stored at 4°C for subsequent analysis. 
2.2. Preparation of CFA aqueous (Aq) andDMSO extracts 
CFA (10 g) was weighed and placed separately in two 100 ml separating flasks, one 
filled with 50 ml of Milli-Q water for preparing aqueous (Aq) extract and another was 
filled with 50 ml of DMSO for preparing organic extract. Both flasks were kept on shaker 
at room temperature for 24 h and the contents were centrifuged at 10,000 rpm for 30 
minutes. Both Aq and DMSO extracts were carefully aspirated and filtered with 0.22 ^m 
syringe filter, stored at -20 ''C in 2 ml aliquots and used for the toxicity studies. 
2.3. Analysis of CFA samples for presence of heavy metals 
Both Aq. and DMSO extracts of CFA samples were analyzed for the presence ot 
heavy metals viz. iron (Fe), chromium (Cr), Arsenic (As), zinc (Zn), nickel (Ni), copper 
(Cu) and selenium (Se) employing the atomic absorption spectrophotometer (AAS, GBC 
932, Australia). In brief, Ig air dried CFA samples, 5 ml of 70% HNO3 and 2 ml 
hydrofluoric acid were mixed and digested on heating plate for Ih at 180 °C following 
the method of Sushil and Batra (2006). The digested samples were filtered through 
Whatman No.l filter paper and transferred to pre-labeled volumetric flasks followed by 
raising their volume up to 100 ml with Milli-Q water. Samples were then used for the 
analysis of different heavy metals using AAS. 
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2.4. X-ray diffraction analysis ofCFA samples 
Powdered sample of CFA were analyzed using X'pert PRO analytical diffractometer 
using CuK<x radiation (A,= 1.54056 A) in the range of 20° < 2e< 80° at 40 keV. In order to 
calculate the particle size (D) of CFA sample the Scherrer relationship "(1)" has been 
used; 
BcosO 
Where, A is the wavelength of X-ray, B is the broadening of diffraction line measured as 
half of its maximum intensity in radians and 6 is the Bragg's diffraction angle. The 
particle size of sample has been estimated from the line width of XRD peak. 
2.5. Analysis of CFA by transmission electron microscopy (TEM) 
TEM analysis of CFA was performed with HITACHI (H-7500) at an accelerating 
voltage of 80 kV. CFA samples were prepared by drop-coating CFA solutions onto 
carbon-coated gold TEM grids. Film of CFA sample on TEM grids were allowed to stand 
for 2 min following which the extra solution was removed using a blotting paper and the 
grids were allowed to dry prior to measurement. 
2.6. Scanning electron microscopy (SEM) of CFA 
CFA samples for SEM were prepared by dispersing the samples on to a conductive 
carbon tape. Samples were coated with gold to prevent charging. SEM analysis of CFA 
samples were performed using scanning electron microscope (JEOL 6400, Japan). The 
typical acceleration potential used was 15 kV at a beam current of 10"^  A. 
2.7. Infrared spectroscopy analysis of CFA 
Fourier Transform Infrared Spectroscopy (FTIR) was employed for examining the 
functional groups of CFA samples. Dried powder of CFA was diluted with spectroscopic 
grade KBr in the ratio of 1:100 and the spectrum was recorded. FTIR measurements were 
carried out on Interspec 2020 FTIR in the diffuse reflectance mode at a resolution of 4 
cm"' in KBr pellets. 
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2.8. Atomic force microscopy (AFM) characterization ofCFA 
CFA particles were examined using atomic force microscope (Veeco Instruments, 
Plainview, NY, USA). Analysis of CFA samples was performed by running the machine 
in non-contact tapping mode. Characterization of CFA was done by observing the 
patterns appeared on the surface topography and analyzing the AFM data. Tapping mode 
imaging was implemented in ambient air by oscillating the cantilever assembly at or near 
the cantilever's resonant frequency using a piezoelectric crystal. The topographical 
images were obtained in tapping mode at a resonance frequency of 218 kHz. 
2.9. Alkaline hydrolysis of CFA treated calf thymus DNA (ctDNA) 
Calf thymus DNA (ctDNA) 500 ng was treated with Aq and DMSO extracts of CFA 
in DNA nucleotide-CFA molar ratios ranging from 1:1 to 1:10. The CFA treated and 
untreated ctDNA samples were separately incubated with 0.1 and 0.5 M NaOH for 1 h to 
determine the alkali labile sites in ctDNA. ctDNA was then precipitated by adding 1 ml 
of cold 14 % perchloric acid in the presence of 0.2 ml of 10 mgml' bovine serum 
albumin at 0 °C. The precipitated DNA was centrifuged at 2500 rpm for 30 min. The 
pellet was discarded and the acid-soluble nucleotides were estimated (Schneider, 1957). 
2.10. Alkaline single cell gel electrophoresis (comet assay) of CFA treated human 
lymphocytes 
Comet assay was performed with human lymphocytes following methods of Singh et 
al. (1988) as modified by Bajpayee et al. (2002). Freshly isolated cells were treated with 
varying concentrations (3, 300, 600, 1200, 1800 and 2400 ppm) of both Aq and DMSO 
extracts of CFA for 3 h at 37 °C. The lymphocytes (~ 4 x lO'* cells) both untreated and 
treated were suspended in 100 nl of Ca^ "" Mg^^ free PBS and mixed with 100 |il of 1% 
low melting agarose (LMA). The cell suspension (80 \\\) was then layered on one third 
frosted slides, pre-coated with normal melting agarose (NMA) (1 % in PBS without Ca^ ^ 
and Mg^ )^ and kept at 4 "C for 10 min. After gelling, a layer of 90 t^l of LMA (0.5 % in 
PBS) was added. The cells were lysed in a lysing solution for overnight. After washing 
with Milli-Q water, the slides were subjected to DNA denaturation in cold 
electrophoresis buffer at 4 ^C for 20 min. Electrophoresis was performed at 0.7 Vcm ' for 
30 min (300 mA, 24 V) at 4 '^ C. The slides were then washed three times with 
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neutralization buffer. All preparative steps were conducted in dark to prevent secondary 
DNA damage. The slides were stained with ethidium bromide for 5 min and analyzed at 
40X magnification using fluorescence microscope (Olympus) coupled with charge 
coupled device (CCD) camera. Images from 50 cells (25 from each replicate slide) were 
randomly selected and subjected to image analysis using software Komet 3.0 (Kinetic 
145 Imaging, Liverpool, UK). The data were subjected to one-way analysis of variance 
(ANOVA). Mean values of the tail length (^m), Olive tail moment (OTM) and % tail 
DNA (% TDNA) were separately analyzed for statistical significance, level of statistical 
significance chosen was p < 0.05, unless otherwise stated. 
2.11. Cytokinesis blocked micronucleus (CBMN) assay of CFA treated human 
lymphocytes 
The CBMN assay was preformed following the method of Kalantzi et al. (2004) as 
described by Saquib et al. (2009). Heparinized blood samples were obtained by 
venupuncture from a 28 year old healthy male volunteer. Blood (0.3 ml) was added to 5 
ml of complete RPMI medium (GIBCO, BRL) containing 500, 1000 and 3000 ppm of 
CFA (Aq and DMSO) extracts, and incubated at 37 °C with 5% CO2 for 24 h. RPMI 
media was supplemented with FBS (20%) and 2% phytohemagglutinin-L. Cytochalasin 
B was added to the cultures at a final concentration of 5|igmr' after 44 h of 
phytohemagglutinin stimulation. Cultures were harvested 24 h later; giving a total culture 
time of 68 h. Cells were harvested by centrifiigation, treated with a hypotonic solution 
(0.56% KCl), fixed once with methanol-glacial acetic acid (3:1), and then fixed twice 
with methanol-glacial acetic acid. Air-dried slides were stained with 6% giemsa stain and 
propiodium iodide (6 ngml"' in phosphate buffer). One thousand binucleated cells for 
each experimental point were counted, following the scoring criteria adopted by the 
Human Micronucleus Project (Bonassi et al, 2001). The binucleated-micronucelated 
lymphocytes (BNMN) were evaluated as the number of binucleated lymphocytes 
containing one or more micronuclei per 1000 binucleated cells. 
2.12. ELISA based quantitation ofS-oxodG 
ctDNA treated witn Aq and DMSO extracts (1000 ppm) of CFA was immobiiized in 
increasing amounts of 500, 1000 and 1500 ng in the wells of microtiter plate by a simple 
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dry absorption during overnight incubation at 40 °C following the procedure of Hirayama 
et al. (1996). The untreated and methylene blue (ImM) treated ctDNA samples were run 
parallel as negative and positive controls. The plates were processed for non-specific sites 
blocking, antibody reaction, color development and measurement on a microwell plate 
reader at 450 nm, accordingly as described in Chapter II (section 2.3). The 8-oxodG 
quantitation was done by plotting the standard calibration curve using the commercially 
available 8-oxodG, as a standard. 
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3. Results 
3.1. Heavy metal determination in CFA samples 
The CFA and its extracts in water and DMSO were quantitatively analyzed for the extent 
of heavy metals present in association with fly ash particle using atomic absorption 
spectrophotometer. The data in Table 6 indicated significantly high levels of several 
heavy metals, determined in the order as Fe>As>Se>Ni>Zn>Cu>Co in CFA. The level of 
As>Fe>Cr follows the similar pattern in aqueous and DMSO extracts of CFA. 
Furthermore, the amounts of As as 335 ngg' and Fe 210 ngg' CFA were found to be 
remarkably higher in DMSO extract as compared with aqueous extract. However, the 
extent of Si and Zn in aqueous extract was 3.7 and 4.0-folds higher vis-a-vis DMSO 
extract, and the amount of Cr was determined to be almost similar in both the extracts 
with less than 70% recovery. The level of Ni and Zn were invariably low in both the 
extracts as compared to CFA per se. 
3.2. X-ray diffraction analysis of CFA 
The XRD diffractogram of CFA is shown in Figure 13. The data reflected a number 
of crystalline peaks in the diffractogram of CFA. The major peak at 26.62° 2 6 (d spacing 
= 24.96 A °) indicates the presence of quartz in the sample. The other strong peaks at 
16.422° and 40.851° 2 0 values indicated the presence of mullite in CFA. Iron oxide in 
CFA shows a peak at 33.197° 20 value. The peak intensity at 36.53° 20 was due to the 
presence of amorphous glassy materials. The structural and calculated parameters of CFA 
XRD are shown in Table 7. The average crystallite size of the particle was determined to 
be 14 nm based on full width at half maximum (FWHM) of the X-ray diffraction peak 
located at 26.62°, ascribed to the (101) facets of the face-centered cubic (fee) using 
Scherrer's equation. 
3.3. Scanning electron microscopy of CFA 
Figure 14 shows the SEM images of the CFA. The panels (A) and (B) show the size, 
shape and surface texture of CFA. Typically spherical and some irregular morphologies 
were seen. The agglomerated spheres and irregularly shaped amorphous particles are the 
products of interparticle fusion. 
Table 6. Heavy metal analysis of CFA extracts. 
Heavy Metals 
Arsenic 
Copper 
Chromium 
Iron 
Nickel 
Selenium 
Zinc 
— • — " ' • — 1 
Concentration (^g g' ) 
CFA 
16134.8 + 4.56 
99.3 ± 0.56 
64.0 ±0.86 
34160.0+1.38 
150.8 ±0.78 
1153.9 + 3.45 
120.2 + 0.86 
CFA 
DMSO extract 
335 ±11.65 
1.9 ±0.89 
43.3 ± 9.24 
210 ± 3.45 
ND 
210 + 3.45 
1.57 + 6.25 
CFA 
Aq Extract 
114+13.3 
N.D 
40 ± 9.24 
88.6+17.9 
5.99 ±1.23 
784.9± 5.4 
6.40±1.18 
Each data point represents the mean ± S.D of three independent analysis for each metal. 
N.D: Not detectable 
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Figure 13. XRD pattern of the CFA. The characteristic strong diffraction peak 
located at 26.62° is ascribed to the (101) facets of the face-centered cubic (fee). 
Table 7. Experimental and calculated XRD parameters of CFA. 
hkl 
001 
100 
101 
002 
110 
102 
111 
200 
112 
301 
26 
(Exp.) 
16.422 
20.838 
26.624 
33.197 
36.532 
39.405 
40.851 
42.482 
50.136 
68.171 
29 
(Cal.) 
16.372 
20.844 
26.619 
33.090 
36.519 
39.433 
40.261 
42.421 
50.098 
68.258 
A2e 
(deg.) 
0.050 
-0.006 
0.005 
0.107 
0.013 
-0.028 
0.591 
0.061 
0.038 
-0.087 
d(Exp.) 
A 
5.393 
4.259 
3.345 
2.696 
2.457 
2.284 
2.207 
2.126 
1.818 
1.374 
d(Cal.) 
A 
5.410 
4.258 
3.346 
2.705 
2.458 
2.283 
2.238 
2.129 
1.819 
1.372 
Ad 
A 
-0.017 
0.001 
-0.001 
-0.009 
-0.001 
0.001 
-0.031 
-0.003 
-0.001 
0.002 
Figure 14. SEM of micron size particles of CFA. Panels (A) and (B) show the particles 
of spherical and irregular shapes at 1,000 and 2,500X magnification. 
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3.4, Transmission electron microscopy ofCFA 
Figure 15 shows the TEM image of CFA particle on a carbon-coated copper grid. 
TEM has been used as an efficient tool to study the nanostructure, shape and surface 
texture of a single CFA particle. The image shows the presence of dispersed nanosize 
particles as well as a number of aggregates. The morphology of the particles found to be 
highly variable and the particle size was determined in the range of 11 to 25 nm. 
3.5. FTIR analysis of CFA 
The FTIR spectrum of CFA is shown in Figure 16. The spectrum indicates typical 
FTIR bands at 1084, 783.43 and 456.85 cm"'. The bands at 1084.50 and 783.43 cm ' are 
attributed to the asymmetrical stretching vibration and symmetrical stretching vibration 
of the Si-O-Si groups. The silicate bands are broad and diffiised because of the 
overlapping of different types of silicate molecular vibration resulting from various 
silicate minerals. Hence, only those vibrations that are unique and do not interfere with 
other silicate minerals are observed distinctly in the spectrum. 
3.6. Analysis of CFA particles by atomic force microscopy 
The surface topography, structural morphology and particle size have been examined 
by AFM, as shown in Figure 17. The amorphous structure along with the embedded 
quartz crystallites that had been reported earlier were observed in CFA samples on 
imaging the particle surface by non-contact mode on AFM. The average size of the CFA 
nanoparticles and roughness of surface were determined as 21 and 24 nm, respectively. 
3.7. Estimation of acid soluble nucleotides by alkaline hydrolysis 
Treatment of ctDNA with both Aq and DMSO extracts of CFA did not exhibited the 
hydrolysis of ctDNA up to the molar ratio of 1:8. However, at higher molar ratio of 1:10 
hydrolysis of ctDNA was observed with both the Aq and DMSO extracts of CFA. The 
DNA damage was significant with DMSO extract and produced 33.8 and 78% acid 
soluble DNA nucleotide with 0.1 and 0.5M NaOH (Tables 8 and 9). The percent 
hydrolysis of ctDNA treated with CFA-DMSO extract was even higher than the MMS, as 
positive control. 
• ( • - • . t i l 
•wimtmm§. 17«M»x • T.« IB Ik* ^ 
HV-»«kV 
1740«ea $ 7.0 I 
1 mj,n . n.i 
Figure 15. TEM images of nanoparticles recorded from a drop-coated film of the CFA on 
Morgagni TM 268 (D) instrument at a voltage of 80kV. Panels (A) and (B) show the 
irregular and spherical shape nanoparticles of CFA, 
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Figure 16. Fourier Transformed Infra Red (FTIR) spectrum of CFA. 
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Figureiy. Atomic force microscopic analysis of 
CFA. Photomicrograph shows the 3D topography of 
CFA nanoparticles in a perspective view. Scan size 
is 5 X 5 |j,m. The intensity of color in side bar 
reflects the height of the particles. 
Table 8. Alkaline hydrolysis of CFA-Aq extract treated calf thymus DNA. 
Treatment conditions 
Untreated native DNA 
DNA+ DMSO (1:10) 
DNA + MMS (1:10) 
DNA+a^A-Aq(l:l) 
DNA + CFA-Aq (1:10) 
O.lMNaOH 
Acid soluble 
nucleotides (ng) 
N.D 
N.D 
198.0 
N.D 
66.0 
% hydrolysis 
N.D 
N.D 
39.6 
N.D 
13.2 
0.5 M NaOH 
Acid soluble 
nucleotides (ng) 
N.D 
N.D 
349.8 
N.D 
169.3 
% hydrolysis 
N.D 
N.D 
69.8 
N.D 
33.8 
N.D:NpUe^otftW?. 
Table 9. Alkaline hydrolysis of CFA-DMSO extract treated calf thymus DNA. 
Treatment conditions 
Untreated native DNA 
DNA+ DMSO (1:10) 
DNA + MMS (1:10) 
DNA+CFA-DMS0(1:1) 
DNA +CFA-DMSO (1:10) 
O.lMNaOH 
Acid soluble 
nucleotides (jig) 
N.D 
N.D 
198.0 
N.D 
25.8 
% hydrolysis 
N.D 
N.D 
39.6 
N.D 
49.6 
0.5MNaOH 
Acid soluble 
nucleotides (ng) 
N.D 
N.D 
349.8 
N.D 
390.0 
% hydrolysis 
N.D 
N.D 
69.8 
N.D 
78.0 
N.D: Not detectable. 
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3.8. CFA induced DNA damage in human lymphocytes 
The comet images shov/n in Figure 18 exhibited a dose dependent DNA damage with 
DMSO extract of CFA as compared to controls. The damaged cells at concentration 
between 600-2400 ppm CFA showed the migration of fragmented DNA from the nuclear 
head under the influence of electric field and formed comet tails. The extent of DNA 
fragmentation is represented as Olive tail moment (OTM), which is an arbitrary unit for 
damage assessment. Figure 19 shows a significant (p<0.05) increase in the OTM value 
(28 AU) in lymphocytes treated with highest dose (2400 ppm) of CFA-DMSO extract, 
whereas, the doses below 600 ppm did not show any significant comet development and 
the OTM values were comparable to the control. Although, the DNA fragmentation at 
higher concentration of CFA-DMSO extract was statistically significant but it was 
comparatively much lesser than the DNA damage noticed in 2mM EMS treated 
lymphocytes. The distribution of damaged cells in a population of CFA-DMSO extract 
treated lymphocytes is depicted in Figure 19. The data revealed that almost 50 to 70 % of 
cells up to 300 ppm exhibited 40-70 |im migrations of DNA. At higher concentrations of 
1800 and 2400 ppm about 75-80 % cells exhibited >200 ^m of DNA fragments mobility, 
which was comparable to > 200 \\M DNA migration in case of EMS treated cells (Figure 
20). On the contrary, the CFA-Aq extract treated cells did not exhibit any DNA 
fragmentation and the cells maintained the nuclear contents with no change in 
distribution pattern, as evident in Figures 21,22 and 23. 
3.9. Assessment ofmicronuclei (MN) in CFA treated human lymphocytes 
The frequency of micronuclei (MN) was studied in human lymphocytes treated with 
varying concentrations (500-3000 ppm) of CFA (Aq and DMSO) extracts. Untreated 
cells and the cells treated with DMSO (1.5%) and methyl methane sulphonate (MMS) 
100 ^M were taken as negative, solvent and positive controls, respectively. CFA-DMSO 
extract treated cells showed significantly increased numbers ofmicronuclei formation to 
the extent of 19 ± 3.48 and 36 ± 5.65 at 1000 and 3000 ppm, respectively compared with 
untreated and vehicle control cells (Figure 24 and Table 10). Beside the formation of 
single micronucleus in lymphocytes, formation of bi and multiple micronuclei were aisci 
observed in DMSO extract treated cells. However, cells treated with CFA-Aq extract did 
Figure 18. Representative comets images showing the CFA-DMSO extract induced DNA 
fragmentation in human lymphocytes. Control: untreated; DMSO (0.5%): solvent control; 
EMS: positive control. 
Control 1 Control 2 3 300 600 1200 1800 2400 H\« 
CFA-DMSO extract (ppm) 
Figure 19. Effect of CFA-DMSO extract on human lymphocytes measured by 
SCGE assay. Each histogram represents three separate experiments done in 
duplicate. Statistically significant (p<0.05) dose response relationship noticed as 
compared to untreated control. CI and C2 are untreated and DMSO control; 
EMS is positive control.*= n.s, **= p<0.05 
^ 4 0 EM« 
300 
Control 2 
Control I 
Figure 20. Distribution of DNA migration in CFA-DMSO extract treated 
human lymphocytes. CI and C2 are untreated and DMSO control and EMS as 
+ ve control were run parallel. 
Figure 21. Representative comets images of the CFA-Aq extract treated human 
lymphocytes. Control: untreated; MQ: Milli-Q water control; EMS: positive control. 
* * * * * * * 
Control 1 Control 2 3 300 600 1200 1800 2400 F.MS 
• CFA-Aq extract (ppm) 
Figure 22. Effect of CFA-Aq extract on human 
lymphocytes measured by SCGE assay. Each histogram 
represents three separate experiments done in duplicate. A 
statistically non-significant (p<0.05) dose response 
relationship was observed in each experiment as compared 
to Ci: untreated control and Ci : MQ control. *= n.s, **= 
p<0.05 
EMS 
2400 
1800 
• ZOO 
Figure 23. Distribution of DNA migration in CFA-Aq extract treated human 
lymphocytes. Ci: untreated DNA; C2: Milli-Q water control and EMS as + ve 
control were run in parallel. 
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not exhibit any significant increase in the micronuclei frequency as compared with 
untreated and vehicle control cells (Figure 24 and Table 11). 
3.10. 8-oxodG formation in ct-DNA treated with CFA-DMSO andAq extracts 
The oxidative damage in ct-DNA induced by DMSO and Aq extracts of CFA has 
been investigated. The data in Figure 25 shows significant 8-oxodG formation with 
increasing amount of both the Aq and DMSO extracts. The DMSO extract of CFA 
induced about 1.7-fold higher amounts of 8-oxodG as compared to Aq-extract and 3.3-
fold higher as compared with control at a concentration of 1000 ppm. 
Figure 24. Representative photomicrographs of the typical binucleated human lymphocytes 
appeared after 24 h in CBMN assay. Panels A-C represent 6 % Giemsa stained cells. (A): Control, 
(B) cell treated with CFA-Aq extract (3000 ppm) and (C) cells treated with CFA-DMSO extract 
(3000 ppm). 
Table 10. Effect of CFA-DMSO extract on the formation of micronucleus in human 
lymphocytes. 
Variables Concentration BNMN/1000 cells 
Control 0 4.0 ±1.41 
DMSO(%) 1.5 6.0 ±1.38"' 
MMS(nM) 100 16.0 ±2.82* 
CFA- DMSO extract 500 13.0 ± 3.53"' 
1000 19.0 ±3.48* 
3000 36.0 ±5.65* 
Data are the mean ± S.D values of two independent experiments done in duplicate. *, p<0.05; 
ns, non significant 
Table 11. Effect of CFA-Aq extract on the formation of micronucleus in human lymphocytes. 
Variables 
Control 
MMS (nM) 
CFA-AQ extract 
Concentration 
(ppm) 
0 
100 
500 
1000 
3000 
BNMN/1000 cells 
4.0 ± 1.41 
16.0 ±2.82* 
3.0 ±0.31"' 
5.0 ±0.82"' 
6.0 ±0.58"' 
Data are the mean ± S.D values of two independent experiments done in duplicate. *, p<0.05; 
ns, non significant 
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Figure 25. ELISA based quantitative analysis of 8-oxodG 
DNA adduct formation in CFA treated ct-DNA. 
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4. Discussion 
Assessment of the effect of CFA and its promutagenic constituents on biological 
macromolecules could provide valuable information on their interactions with DNA, and 
help in elucidating the mechanism of nanosized CFA-induced genotoxicity and 
carcinogenesis. In order to test this hypothesis, the CFA produced from the thermal 
power plant was analyzed for its physical, chemical and genotoxic properties including 
the heavy metal contents using sensitive analytical techniques such as AAS, XRD, TEM, 
SEM, FTIR, AFM, SCGE and CBMN assays. It is known that during combustion 
process, the metals present in coal as impurities volatilize depending upon furnace 
temperature and presence/absence of sulphur in the feed. To the best of our understanding 
the reports on the genotoxicity and mutagenicity of CFA are scanty and prompted to 
initiate this investigation. Notwithstanding the fact most of the studies have emphasized 
on the heavy metal content of CFA and its property to leach and contaminate the soil and 
water. 
The major components of bituminous CFA are silica, alumina, iron oxide, and 
calcium. Lignite and sub-bituminous CFAs have been found to contain higher 
concentrations of calcium and magnesium oxides and reduced percentages of silica and 
iron oxide, as well as lower carbon content, compared with bituminous CFA. It is 
speculated that the presence of heavy metals in the CFA can cause damage to the cells 
and DNA, which may possibly exert adverse effects on human health. Our studies 
revealed the presence of significantly high amounts of arsenic, chromium, and nickel in 
CFA, which corroborates with the finding of Huggins and Goodarzi (2001).The metals 
As, Cr, and Ni have been reported to induce lung cancer in occupational epidemiologic 
studies (Grimsrud et al., 2002). In general, the carcinogenic potential of metals is well 
established in humans and experimental animals (Docker>' and Pope, 1994). However, 
the association of the physical and chemical characteristics of CFA with its toxic 
properties requires a comprehensive and systematic study. 
The XRD analysis was performed to investigate the mineralogy and size of the CFA 
particles. The XRD data demonstrated the appearance of multiple peaks in the 
diffractogram. The major peak (101) suggested the presence of quartz in CIA. Quartz 
crystals are frequently found on the surface of CFA (Vempati et al., 1994) and considered 
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as important component of CFA. Moreover, the alkali and alkaline earth oxides are also 
formed through decomposition of minerals and contribute in reactivity of CFA 
(Hemmings and Berry, 1986). Determination based on the Scherrer's algorithm provided 
the average particle size of quartz to be 14 nm, which is with in the size range 11-25 nm 
observed through TEM. The AFM data also revealed the average size and roughness of 
surface of the CFA nanoparticles as 21 and 24 nm, respectively. This size range is in 
agreement with the data reported by Chen et al. (2005); Paul et al. (2007). However, Bai 
et al. (2010) have also reported the presence of silicon dioxide particles in CFA in the 
size range of 50 nm. The available data, therefore, suggest substantial variations in the 
size of nanoparticles from different elements present in CFA. Our FTIR analysis of CFA 
suggested the vibration at 1084 cm"', which has confirmed the presence of the Si-O-Si 
groups of quartz in CFA (Thongsang, and Sombatsompop, 2006). Quatz has been 
classified as a carcinogen by lARC/WHO (lARC, 1997) and have been shown to cause 
lung cancer (Mossmam and Churg, 1998). However, the mechanism of cancer induction 
is not yet clearly understood. 
Indeed, the biological activity of particles is inversely proportional to the size. Smaller 
particles occupy less volume, resulting in a larger number of particles with a greater 
surface area per unit mass and increased potential for biological interaction. Fine 
particulates are the carriers of toxic air pollutants including heavy metals and organic 
compounds (Sharma and Maloo, 2005). Studies with alveolar macrophages and Chinese 
hamster ovary cells showed that CFA is cytotoxic and the toxicity is significantly 
influenced with increasing concentration and decreasing particle size (Garrett et al, 
1981). Scanning electron microscopic studies indicate the presence of numerous spherical 
shaped ultrafine particles. Recently, Jayasekher (2009) has also proved the generation of 
micron size spherical shaped particles in thermal power plant. Spherical shape is 
normally indicative of particulates formed from a high temperature combustion process 
(Heasman and Watt, 1989) by nucleation, coagulation, and condensation of vaporized 
materials. Nevertheless, the particles generated as a result of thermal treatments are 
extremely small (0.001-10 |im) (Kimbrough, 1998). 
Coal combustion products from power plants have shown the evidence of 
carcinogenic and genotoxic effects in different test systems, which are ascribed mainly to 
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heavy metals, PAHs, and silica (Borm, 1997; Rubin, 1999). Earlier studies concerning 
the health risk of workers engaged in coal-fired power plants have sugegsted an 
association between the exposure to coal combustion products and different type of 
diseases such as lung function impairment, respiratory symptoms, mesothelioma, lung 
and pleural cancer (Oxman et al, 1993; Nichols et al, 2005). The association of CFA in 
various health hazards and the presence of nanosized CFA particles have prompted the 
investigation on the DNA damaging properties of CFA. In view of this, sensitive and 
powerful techniques for the detection of DNA strand breaks and alkali-sensitive sites in 
eukaryotic cells have been employed. The SCGE (comet assay) results demonstrated that 
the CFA treatment to human lymphocytes elicited a dose-dependent response in terms of 
DNA damage in vitro in human lymphocytes. The data suggested a moderately higher 
DNA damage in DMSO extract as compared to Aq extract. The SCGE has been 
extensively used to evaluate the genotoxicity of various agents such as radiation (Singh, 
1991; Olive, 1992), chemicals (Tice, 1990; Betti, 1993), pesticides (Garaj-Vrhovac, 
2000; Saquib et al, 2009) and different dietary habits and lifestyles (Betti, 1995). Comet 
assay had been previously used to evaluate genotoxicity of soil polluted with heavy 
metals (Tice et al., 2000) and of leachate contaminated with heavy metals in human 
lymphocytes (Bakare et al, 2006). Manerikar et al. (2008) performed comet assay and 
reported significant DNA damage induced by fly ash leachate in earthworm 
coelomocytes. Our studies have also demonstrated a significant increase in micronuclei 
formation in a CFA dose-dependent manner, which is indicative of CFA induced 
chromosomal breakage. This may be attributed to the direct interaction of heavy metals 
and the nanosized CFA with DNA resulting in promutagenic adduct formation, which 
leads to the DNA fragmentation as a consequence of oxidative insult. CFA induced 
oxidative stress may lead to the formation of oxidative DNA lesions like 8-oxodG. The 
promutagenic 8-OHdG adducts have been significantly increased in CFA treated calf 
thymus DNA. The levels of oxidative DNA damage have been found to be significantly 
higher in coal miners (Schins et al., 1995). This is presumably due to the heavy metals 
and organic elements present within and on the surface of CFA particles, which most 
likely produce free radicals in vicinity of DNA in the cells leading to DNA damage and 
inflammation due to oxidative stress. These results are in agreement with the findings of 
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Other occupationally exposed groups exhibiting the cytogenetic changes in CFA exposed 
populations (Donbak et al, 2005). These cytogenetic changes might also originate from 
the cumulative effect of the many chemical compounds that are present in the CFA and 
gaseous emissions rather than a specific substance. Certain PAHs are also hypothesized 
to be involved in the particle induced carcinogenesis by forming adducts with proteins 
and nucleophilic sites in DNA after being metabolically activated (Miller, 1981). Most 
likely in case of CFA, these promutagenic aromatic hydrocarbons may undergo metabolic 
activation by cytochrome P450 enzymes yielding epoxides and diolepoxides, which are 
known to bind covalently to DNA, thereby potentially initiating the carcinogenic process. 
Thus, it is concluded that the tiny CFA particulates have a potential to penetrate deeper 
into the lungs, cross all the barriers in the respiratory system, and enters into the 
circulatory system (Nemmar et al, 2002). It generates systemic oxidative stress (Brauner 
et al., 2007), and cause the damage to DNA and other macromolecules. DNA adducts in 
cells undergo repair processes, however, the unrepaired lesions in DNA may give rise to 
mutations upon DNA replication. Any such unrepaired damage in DNA could serve as an 
initiating event for mutagenesis (Perera, 1988). Thus, the fine particles of CFA with 
exacerbated genotoxic property due to surface adsorbed heavy metals and organic 
pollutants may act as putative mutagen and/or carcinogen, and could trigger the chain of 
events in carcinogenesis in the CFA exposed population. 
^Assessment ofQenotoxic TotentiaCof 
XutacfiCdr ancClsoproturon 
>^'' Ace. N^ , ^^* • 
x^ .;,> -^ -4 
1. Introduction 
Pesticides play a vital role in agricultural practices to increase the crop productivity. 
Pesticides form the largest group of chemical substances that are intentionally scattered 
throughout the environment for combating agricultural pests that devastate crops and to 
eradicate insect borne diseases. Large scale and indiscriminate application of these 
agrochemicals also poses human health risks, especially in developing countries, where 
the pesticide users are often ill-trained and devoid of appropriate information protective 
devices. The associated health hazards are further extended to those exposed 
occupationally or inadvertently. Excessive use of pesticides resulted in prevalence of a 
variety of cancerous ailments viz. hematopoietic cancers, non-Hodgkin's lymphoma, 
leukemia and muhiple myeloma (Wiklund and Holm, 1986; Morrison et al., 1992; Zham 
and Blair, 1992). Several immunological abnormalities as well as the nervous, endocrine, 
reproductive and developmental disorders have been related to the exposure of pesticides 
(Koner et al., 1998; Gupta, 2004). Furthermore, pesticides have also been categorized as 
potent genotoxicants, which induces structural alterations leading to the damage of DNA 
(Padmavathi et al, 2000; Zeljezic and Garaj-Vrhovac, 2002; Saquib et al, 2009). Saquib 
et al. (2010a) have demonstrated that pesticide interacts with DNA and induces oxidative 
DNA lesions in the form of 8-oxodG and also altered the membrane potential of 
mitochondria in human lymphocytes. Moreover, pesticides such as heptachlor, 
endosulfan, azinphos methyl, and imidacloprid have been reported to interact with DNA 
and form promutagenic DNA adducts (Dhouib et al, 1995; Laouedj et al, 1995; Shah et 
al, 1997). Recently, Saquib et al (2010b) have elucidated the mechanism of interaction 
of a fungicide methyl thiophanate with DNA and reported its preferential binding at the 
minor groove of DNA. Other, studies have also suggested the possible link between the 
pesticide induced genotoxicity and damage to DNA in human population exposed to 
either single or mixture of pesticides (Padmavathi et al, 2000; Garaj-Vrhovac and 
Zeljezic, 2001; Zeljezic and Garaj-Vrhovac, 2002). Such pesticides either form covalent 
bond or intercalates in DNA molecules. The DNA adducts so formed may lead to gene 
mutations and initiate carcinogenesis, if not repaired or are misrepaired before DNA 
replication (Gupta and Spencer-Beach, 1996). However, the reports on the genetic 
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damage in populations exposed to pesticides in India are scanty (Rupa et ah, 1991; 
Padmavathi et al, 2000; Grover et al, 2003). 
The herbicides butachlor [N-(butoxymethyl)-2-chloro-2',6'-diethyl acetaniiide] and 
isoproturon [N-(4-isopropylphenyl)-N,N-dimethylurea] are widely used for the control of 
a wide range of annual grass and broad leaf weeds. These herbicides are the most 
prevalent herbicides and reportedly appeared in groundwater (Environmental Protection 
Agency, 1999). Their accumulation in aquatic environment may cause undesirable effects 
on different non-target aquatic plant species. They are directly or indirectly toxic to a 
wide variety of organisms, and ecotoxicological data suggest that these and other 
herbicides as well as their metabolites are carcinogenic in animals and humans (Behera 
and Bhunya, 1990; Hoshiya et al, 1993; Panneerselvam et al, 1999; Geng et al, 2005), 
harmful to aquatic invertebrates (Lin et al, 1997; Mansour et al, 1999; Yen et al, 2002; 
Ateeq et al, 2002, 2006; Vallotton et al, 2009), and microbial communities (Kole and 
Dey, 1989; Min et al, 2002; Widenfalk et al, 2008). However, to the best of our 
understanding, no systematic study has been carried out on the interaction of butachlor 
and isoproturon with DNA and its genotoxic activity. In order to understand the binding 
and toxic properties of the selected herbicide, their stochiometry and binding affinity with 
DNA were determined. Also, the herbicides were evaluated for genotoxicity in human 
lymphocytes using sensitive techniques like SCGE (comet) assay, CBMN assay, alkaline 
hydrolysis and ELISA based 8-oxodG assay for assessment of herbicide induced 
oxidative DNA damage. 
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2. Materials and methods 
2.1. DNA binding analysis ofbutacMor and isoproturon by fluorescence spectroscopy 
The fluorescence quenching titration at increasing ctDNA to butachlor and 
isoproturon molar ratios has been performed in a continuous manner. Briefly, to a fixed 
concentration of butachlor and isoproturon (50 yM), increasing concentrations of ctDNA 
(5-100 fiM) were added to obtain the ctDNA to butachlor and isoproturon molar ratios 
ranging from 0.1 to 2.0 in 10 mM Tris-HCl buffer at ambient temperature. The spectra 
were recorded under sub-dued light to prevent undesired photodegradation. Fluorescence 
measurements were carried out on a Shimadzu spectrofluorophotometer, model 
RF5301PC equipped with RF 530XPC instrument control software, using a quartz cell of 
1 cm path length. The excitation and emission slits were set at 3 nm and 10 nm, 
respectively. The excitation and emission wavelengths at which the butachlor and 
isoproturon fluorescence recorded were 225 nm and 240 nm, respectively. ctDNA alone 
does not exhibit fluorescence at this wavelength range. Fluorescence quenching in terms 
of the quenching constant was determined following the Stem-Volmer Eq.l (Lakowicz, 
2006) 
Fo/F = 1 + Ksv [Q] (1) 
Where, FQ and F are the fluorescence intensities in absence and presence of the 
quencher (ct-DNA), respectively, Ksv is the Stem-Volmer quenching constant and [Q] 
the quencher concentration. The quenching constant was obtained from the slope of the 
Stem-Volmer plot (FQ/F versus [Q]). The binding constant (Ka) and number of binding 
sites (n) have been estimated, considering a 1:1 complex between butachlor and 
isoproturon and ctDNA, as described by Sahoo et al. (2008) following the methods of 
Lehrer and Fasman (1966), Chipman et al. (1967) using Eq. (2). 
Fo-F/F-Foo = Ka x [DNA] (2) 
Where, FQ and F™ are the relative fluorescence intensities of butachlor and 
isoproturon alone and saturated with ctDNA (i.e. the relative fluorescence intensity of 
CtDNA to butachlor and isoproturon molar ratio of 1:2), respectively. The slope of the 
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double-logarithm plot (Log [(Fo-F)/ (F-Foo)] versus Log [ctDNA] in linear range provided 
the number of equivalent binding sites (n) however, the value of Log[ctDNA] at Log 
[(Fo- F)/(F-Foo)] = 0 is equal to the negative logarithm of the binding constant (Ka) 
(Bresloff and Crothers,1981; Lakowicz, 2006). 
2.2. Assessment of butachlor and isoproturon binding at minor groove of B-DNA by 
fluorescence spectroscopy 
Binding specificity of butachlor and isoproturon to the minor groove of B-DNA has been 
studied by fluorescence spectroscopy. Distamycine A (DistaA) was used as a 
fluorescence probe, which is capable to bind with AT-rich sequences of the minor groove 
of B-DNA. The stock solution of DistaA was prepared in absolute ethanol. The 
fluorescence measurements were done by exciting DNA-DistaA complex in the molar 
ratio of 1:0.2 at 320 nm and the emission maxima were recorded at 455 nm with 
excitation and emission slits set at 5 and 10 mm, respectively. Butachlor and isoproturon 
in increasing molar ratios of 0.5-5 were added to the solution and scanned for quenching 
of DNA-DistaA fluorescence. 
2.3. Alkaline hydrolysis of butachlor and isoproturon 
Calf thymus DNA (500 fig) was treated separately with herbicides (butachlor and 
isoproturon) in ctDNA nucleotide-herbicides molar ratio range of 1:1 to 1:10. The 
reaction mixture was exposed to white light (20 Jm"^ ) for 2 h. Parallel controls without 
butachlor and isoproturon were incubated under identical conditions. The pH of the 
reaction mixture at the end of the incubation was measured and found to be unchanged. 
The herbicides treated ctDNA was separately incubated with 0.1 and 0.5 M NaOH for 1 h 
to determine the alkali labile sites in ctDNA. The ctDNA was then precipitated by adding 
1 ml of cold 14% perchloric acid in the presence of 0.2 ml of 10 mgml"' bovine serum 
albumin at 0*^ C. The precipitated ctDNA was centrifiiged at 2500 rpm for 30 min, and the 
pellet was discarded followed by the estimation of acid-soluble nucleotides (Schneider, 
1957). 
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2.4. Quantitation of oxidative lesions (8-oxodG) in herbicide treated ctDNA 
Varying concentrations (0.5, 1.0, 1.5 and 2 fig) of untreated, butachlor, isoproturon 
and methylene blue (1000 nM) treated ctDNA samples were immobilized by a simple 
dry absorption procedure (Hirayama et al., 1996) with incubation for overnight at 40 C. 
The plates were processed for non-specific sites blocking, antibody reaction, color 
development and measurement on a microwell plate reader at 450 nm, accordingly as 
described in Chapter II (section 2.3). The 8-oxodG quantitation was done by plotting 
the standard calibration curve using the commercially available 8-oxodG, as a standard. 
2.5. LacZ mutagenicity assay of herbicide treated plasmid DNA 
Plasmid pUC19 DNA (~ 25 ng) in Tris-HCl buffer (0.1 M, pH 7.5) was treated with 
different concentrations of butachlor and isoproturon (250-1000 fiM) in a final volume of 
50 \i\ at 37 ''C for 2 h. The treated plasmid DNA was incubated with 0.1 ml of competent 
DH5a cells at 4 °C for 30 min followed by 2 min heat shock at 42 °C. Nutrient broth (1.0 
ml) was added and the cells were incubated at 37 '^ C for 1 h for the expression of 
antibiotic resistance. Cells (0.1 ml) were then plated on LB plates containing 60 ngml' 
ampicillin, 40 fil X-gal (dissolved in dimethylformamide) and 40 nl IPTG. The plates 
were incubated overnight at 37 °C followed by 4 h of incubation at 4 "C to allow the 
development of blue colour. Colonies were then counted to score the number of mutants 
(white) colonies versus the number of normal (blue) colonies. Competent cells were 
prepared by the calcium chloride method as described by Sambrook et al. (1989). 
2.6. Comet assay of herbicide treated human lymphocytes 
Comet assay was performed with human lymphocytes following the methods of 
Singh et al. (1988) as modified by Bajpayee et al. (2002). Freshly isolated cells were 
treated separately with varying concentrations (50, 100, 250 and 500 fiM) of butachlor 
and isoproturon for 3 h at 37°C. The lymphocytes (~ 4x10'' cells) both untreated and 
treated were suspended in 100 \i\ of Ca^ "^  Mg^ "^  free PBS and mixed with 100 t^i of ]% 
LMA. The cell suspension (80 nl) was then layered on one third frosted slides, pre-coated 
with NMA (1% in PBS without Ca^ ^ and Mg^ )^ and kept at 4°C for 10 min. After gelling, 
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a layer of 90 \i\ of LMA (0.5% in PBS) was added. The cells were lysed in a lysing 
solution for overnight. After washing with Milli-Q water, the slides were subjected to 
DNA denaturation in cold electrophoresis buffer at 4^C for 20 min. Electrophoresis was 
performed at 0.7 V/cm for 30 min (300 mA, 24 V) at 4°C. The slides were then washed 
three times with neutralization buffer. All preparative steps were conducted in dark to 
prevent secondary DNA damage. The slides were stained with ethidium bromide for 5 
min and analyzed at 40X magnification using fluorescence microscope (Olympus, Japan) 
coupled with charge coupled device (CCD) camera. Images from 50 cells (25 from each 
replicate slide) were randomly selected and subjected to image analysis using software 
Komet 3.0 (Kinetic Imaging, Liverpool, UK). The data were subjected to one-way 
analysis of variance (ANOVA). Mean values of the tail length (nm), Olive tail moment 
(OTM) and % tail DNA (% TDNA) were separately analysed for statistical significance, 
level of statistical significance chosen was p < 0.05, unless otherwise stated. 
2.7. Cytokinesis blocked micronucleus (CBMN) assay 
The CBMN assay was preformed following the method of Kalantzi et al. (2004) as 
described by Saquib et al. (2009). In brief, the whole blood (0.5 ml) was cultured in 4.5 
ml complete RPMI 1640 medium supplemented with 20% heat-inactivated FBS, L-
glutamine (0.02 mM), sodium bicarbonate (2.0 gl'), penicillin (100 Uml"'), streptomycin 
(100 figml') and PHA-M (7.5 jigmf'). Cells were exposed to butachlor and isoproturon 
at final concentrations of 25, 50 and 100 nM and allowed to grow at 37*^ C in presence of 
5% CO2 in air in a humidified atmosphere chamber of CO2 incubator. After 24 h, cells 
were pelleted by spinning at 1000 rpm for 10 min, washed twice with RPMI 1640 and 
resuspended in complete medium without isoproturon. Cytokinesis was blocked by 
adding Cyto B (6 ^gml') after 44 h of incubation. The binucleated lymphocytes were 
harvested after 72 h of culture condition at 1000 rpm for 10 min. Cells were then treated 
with hypotonic solution (0.56% KCl) for 2-3 minutes to lyse erythrocytes, fixed once 
with methanol and glacial acetic acid (3:1) for overnight at 4 *^ C. Finally, the cell solution 
was dropped onto cold glass slides. Staining was performed by separately immersing the 
air-dried slides in 6% Giemsa stain. One thousand binucleated cells for each experimental 
point were counted, following the scoring criteria adopted by the Human Micronucleus 
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Project (Bonassi et al., 2001). The mean binucleated-micronucelated lymphocytes 
(BNMN) were evaluated as the number of binucleated lymphocytes containing one or 
more micronuclei per 1000 binucleated cells. Moreover, 500 binucleated ceils were 
scored to evaluate the percentage of binucleated cells for expressing the toxicity and/or 
inhibition of cell proliferation as nuclear division index (NDI) calculated according to the 
following formula: 
NDI = (Mono + 2BN + 3Tri + 4 Tetra)/500 
Where, Mono, Bi, Tri and Tetra are mononuclear, binucleated, trinucieated and 
tetranucleated lymphocytes, respectively. The data were analyzed by one-way ANOVA 
(Tukey test) for determining statistical significance. 
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3. Results 
3.1. Fluorescence quenching ofbutachlor and isoproturon upon binding with ciDNA 
Interactions of butachlor and isoproturon with ctDNA were studied separately by 
monitoring the changes in the intrinsic fluorescence of herbicides. Figures 26 and 27 
show the fluorescence emission spectra of butachlor-ctDNA and isoproturon-ctDNA 
complexes at the varying molar ratios of 0.1 to 2.0 and 0.1 to 1.8, respectively. Addition 
of CtDNA in increasing concentrations to the fixed concentration of butachlor and 
isoproturon progressively quenches the intrinsic fluorescence of both herbicides. A 
quantitative estimation of the quenching in terms of the fluorescence quenching constant 
(Ksv) was analyzed using the Stem-Volmer equation (1). The quenching constants were 
obtained from the slope of the Stem-Volmer plot (FQ/F versus [Q]). The Ksv for butachlor 
and isoproturon were determined for the data points falling in the linear range, the Ksv 
calculated were found to be 1.19 x lO" and 1.90 x lO'* M"' (r^  = 0.99), respectively. The 
plot of FQ/F versus [Q] drawn for butachlor and isoproturon showed a linear behavior 
(Figures 28 and 29), which suggest that only one type of quenching process occurs, 
either static or dynamic quenching. The results exhibit around 50.1% and 60 % of ctDNA 
fluorescence quenching at the highest butachlor- and isoproturon-DNA molar ratios of 
1:2 and 1:1.8, respectively. 
3.2. Determination of association constants (Ka) and binding sites (n) of herbicides on 
CtDNA 
The slope and intercept of the double-logarithm plots in linear range obtained from 
the experimental data of butachlor and isoproturon indicated the number of equivalent 
binding sites (n) and association constant (Ka) (Figures 30 and 31). The Ka and n 
values for butachlor binding with ctDNA were determined to be 1.2 x 10"* M"' and 1.02 
(r^  = 0.99). Likewise, the Ka and n values determined for isoproturon-ctDNA binding 
were 1.6 x lO^M"' and 1.2 (r^  = 0.99). 
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Figure 26. Fluorescence emission spectra of butachlor in absence 
(uppermost curve) and presence of increasing amounts of DNA 
upon excitation at 225 nm. The molar ratios of DNA to butachlor 
ranges from 0.1-2.0 (top to bottom). 
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Figure 27. Fluorescence emission spectra of isoproturon in absence 
(uppermost curve) and presence of increasing amounts of DNA upon 
excitation at 240 nm. The molar ratios of DNA to Isoproturon ranges 
from 0.1 -1.8 (top to bottom). 
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Figure 28. Stem-Volmer plot of butachlor-ctDNA fluorescence quenching data. 
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Figure 29. Stem-Volmer plot of isoproturon-ctDNA fluorescence quenching. 
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Figure 30. The double-logarithmic plot of butachlor-ctDNA interaction. 
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Figure 31. The double-logarithmic plot of isoproturon- ctDNA interaction. 
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3.3. Competitive binding of herbicides for minor groove ofctDNA 
To reveal the specific binding of butachlor and isoproturon on DNA, competitive 
binding has been performed with ctDNA-DistaA complex with the rationale that 
fluorescence of a complex can be quenched with the addition of second molecule 
(Tabassum et al., 2005). DistaA alone does not show fluorescence at the excitation 
wavelength of 320 nm, however, addition of ctDNA remarkably enhanced the 
fluorescence of DistaA at the same excitation wavelength (Stockert et al., 1990). A 
gradual decline in the fluorescence emission spectra at 455 nm of ctDNA-DistaA 
complex has been obtained with the addition of increasing concentrations of butachlor 
and isoproturon (Figures 32 and 33). Considering the fluorescence intensity value of 
CtDNA-DistaA complex as 100%, the levels of quenching with butachlor and isoproturon 
at the molar ratios of 0.5 to 7 and 0.5 to 5 are shown in Figures 32 and 33. The extent of 
fluorescence quenching with butachlor and isoproturon have been determined to be 24.6 
and 15.0 % at the highest molar ratios of 1:7 and 1:7.5, respectively. 
3.4. Butachlor and isoproturon induced mutations in lacZgene 
Both the herbicides (butachlor and isoproturon) induced the dose dependent increase 
in the mutated white colonies of E. coli DH5a with simultaneous decrease in the blue 
colonies. Treatment of plasmid pUC19 DNA with varying concentrations of butachlor 
and isoproturon (250, 500, 750 and 1000 ^M) resulted in the loss of transformation 
efficiency of the plasmid in E. coli DH5a cells. As a consequence of increasing herbicide 
concentration an increase in number of mutant colonies lacking a-complementation have 
been observed. Decline in the transformation efficiency and fold increase in the mutants 
are shown in Figures 34 and 35. The mutants were identified on the basis of white 
colonies, which they formed due to mutations in the non-essential lacZ gene. It is well 
known that vectors such as plasmid pUC19 DNA containing a portion of the lacZ gene 
provide a-complementation when plated on cells containing lacIqZMlS cassette on the 
tetracycline-resistant F' episome which makes them suitable for blue:white screening on 
plates supplemented with X-gal and IPTG. DMSO (1%) was set as solvent control did 
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Figure 32. Competitive binding of butachlor with the 
DNA minor groove binder Distamycin A. Addition of 
varying molar ratios of butachlor induces a gradual decline 
in the fluorescence of DNA-DistaA complex. Curves from 
top to bottom; DNA-DistaA complex (50 and 10 nM), 
butachlor-DNA-DistaA molar ratio: 0.5, 1.0, 1.5, 2.0, 2.5, 
3.0, 3.5, 4.0, 4.5 and 5.0. 
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Figure 33. Competitive binding of isoproturon with the 
DNA minor groove binder Distamycin A. Addition of 
varying molar ratios of isoproturon induces a gradual decline 
in the fluorescence of DNA-DistaA complex. Curves from 
top to bottom; DNA-DistaA complex (50 and 10 jiM), 
isoproturon-DNA-DistaA molar ratio: 0.5, 1.0, 1.5. 2.0, 2.5, 
3.0, 3.5, 4.0, 4.5 and 5.0. 
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Figure 34. (A) Effect of butachlor on percent transformation efficiency of 
plasmid pUC19 in competent E. coli DH5a cells. (B) Increase in the 
number of mutant (white) colonies with increasing concentration of 
butachlor. The data points are the mean ± S.D of three independent 
experiments done in triplicate. 
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Figure 35. (A) Effect of isoproturon on percent transformation 
efficiency of plasmid pUC19 in competent E. coli DH5a cells. (B) 
Increase in the number of mutant (white) colonies with increasing 
concentration of isoproturon. The data points are the mean ± S.D 
of three independent experiments done in triplicate. 
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not induce loss of transformation efficiency. The numbers of non-mutated colonies were 
almost similar to the untreated control plates. 
3.5. Alkaline hydrolysis of herbicide treated DNA 
Alkaline hydrolysis of butachlor and isoproturon treated DNA exhibited progressive 
increase in the amount of acid-soluble nucleotides released upon exposure to 0.1 and 0.5 
M NaOH (Tables 12 and 13). At the highest, DNA nucleotide-butachlor and DNA 
nucleotide-isoproturon molar ratio of 1:10, the percent hydrolysis were estimated to be 49 
%, 78% and 41% and 72% with 0.1 and 0.5 M NaOH, respectively. Under identical 
conditions, the untreated control native DNA and DMSO treated DNA have not shown 
any hydrolysis. 
3.6. ELISA based quantitation of 8-oxodG formation in butachlor and isoproturon 
treated ct-DNA 
The extent of butachlor and isoproturon induced 8-oxodG formation in ct-DNA is 
shown in Figures 36 and 37. The amount of 8-oxodG formed in butachlor and 
isoproturon treated DNA was linearly dependent on the amount of DNA analyzed by 
ELISA. Compared to the untreated control DNA, the butachlor and isoproturon 
treatments at a fixed concentration of 1000 ^M induced 3.19 and 2.99-folds higher 8-
oxodG DNA adducts formation, respectively. The total amount of indigenous 8-oxodG in 
2 ^g of commercially available ct-DNA was determined to be 257.31 ngml'. 
3.7 Herbicides induced DNA damage in human lymphocytes 
Butachlor and isoproturon induced single strand breaks in human lymphocytic DNA. 
as a model has been demonstrated using SCGE under alkaline conditions. Figures 38 
and 39 show dose dependent increase in the size of comet tails with concomitant 
reduction in head size. The digitized images of representative comets (Figures 38 and 
39) clearly demonstrate the extent of broken DNA liberated from the heads of the comets 
during electrophoresis, as a function of butachlor and isoproturon doses. The quantitative 
data obtained from the comparative analysis of a set of 150 cells at the highest 
Table 12. Alkaline hydrolysis of butachlor treated calf thymus DNA. 
DNA nucleotide/ 
butachlor molar ratio 
Untreated native DNA 
DNA+ DMSO (1:10) 
DNA + MMS (1:10) 
1:1 
1:2 
1:4 
1:6 
1:8 
1:10 
O.lMNaOH 
Acid soluble 
nucleotides (ng) 
N.D 
N.D 
220.05 
4.16 
12.68 
47.33 
123.1 
175.1 
248.00 
% hydrolysis 
N.D 
N.D 
39.60 
0.80 
02.90 
10.50 
25.20 
32.50 
49.60 
0.5 M NaOH 
Acid soluble 
nucleotides (ng) 
N.D 
N.D 
378.56 
13.24 
88.45 
156.12 
190.78 
280.70 
390.00 
% hydrolysis 
N.D 
N.D 
69.80 
01.80 
12.50 
25.00 
35.00 
52.30 
78.00 
N.D: Not detectable. 
Table 13. Alkaline hydrolysis of isoproturon treated calf thymus DNA 
O.lMNaOH 0.5 M NaOH 
DNA nucleotide/ Acid soluble % hydrolysis Acid soluble % hydrolysis 
Isoproturon molar ratio nucleotides (ng) nucleotides (ng) 
Untreated native DNA N.D N.D N.D N.D 
DNA+ DMSO (1:10) 
DNA + MMS 
1:1 
1:2 
1:4 
1:6 
1:8 
1:10 
(1:10) 
N.D 
220.0 
3.67 
9.9 
38.75 
119.2 
163.4 
205.0 
N.D 
39.60 
0.734 
1.98 
7.75 
23.84 
32.68 
41.0 
N.D 
378.56 
14.23 
81.34 
136.7 
193.0 
264.5 
360.0 
N.D 
69.80 
2.84 
16.268 
27.34 
38.6 
52.9 
72.0 
N.D: Not detectable. 
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Figure 36. ELISA based quantitative analysis of 8-oxodG 
formation in butachlor treated calf thymus DNA photoexposed 
for Ih in white light. Methylene blue treated ct-DNA was the 
positive control. 
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Figure 37. ELISA based quantitative analysis of 8-oxodG 
formation in Isoproturon treated calf thymus DNA 
photoexposed for Ih in white light. Methylene blue treated ct-
DNA was used as positive control. 
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Figure 38. Representative comets images of butachlor-induced DNA damage in human 
lymphocytes. The representative photomicrographs have been acquired through KOMET 3.0 
software. (A) Untreated control, (B) DMSO (1%) as solvent control, (C) MMS (2 mM) treated 
cells, as positive control: (D-F) cells treated with butachlor at 50, 250 and 500 nM, respectively. 
Figure 39. Representative comets images of isoproturon-induced DNA damage in human 
lymphocytes. The representative photomicrographs have been acquired through KOMET 3.0 
software. (A) Untreated control, (B) DMSO (1%) as solvent control, (C) MMS (2 mM) treated 
cells, as positive control: (D-F) cells treated with isoproturon at 50, 250 and 500 ^M, 
respectively. 
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concentration of 500 \xM of butachlor and isoproturon with DMSO treated control cells 
revealed 26 and 20-fold enhanced DNA migration, respectively. The butachlor treated 
lymphocytes showed 296.49 ± 0.90 \im DNA migrations as compared to 11.38 ± 2.54 nm 
with DMSO control (Table 14). Likewise, the isoproturon treated lymphocytes showed 
218.83±0.90 nm DNA migration as compared to 10.55 ± 0.52 nm with DMSO control 
(Table 15). 
3.8. Micronucleus formation in human lymphocytes treated with herbicides (butachlor 
and isoproturon) 
A concentration dependent increase in the total number of BNMN human 
lymphocytes has been observed upon exposure to butachlor and isoproturon. The 
treatment with butachlor resulted in a significant increase (p<0.05) in the mean 
BNMN/1000 cells as validated by one-way ANOVA. The mean BNMN at 25, 50 and 
100 |JM butachlor and isoproturon concentrations were determined to be 19, 29, 34 and 
17, 28, 35, respectively (Tables 16 and 17). Compared to untreated control, the butachlor 
and isoproturon treated cells have exhibited 3.77 and 2.91-folds higher BNMN formation 
in human lymphocytes. The butachlor and isoproturon treated cells stained with Giemsa 
stain as showTi in Figures 40 and 41, clearly indicate the presence of micronucleus in the 
herbicides treated human lymphocytes. Panels (A-C) show the binucleated cells in a 
parallel set of untreated, DMSO (solvent) and MMS (positive) control cells. In order to 
better characterize the effect of butachlor and isoproturon, NDI was also evaluated, which 
shows a decline in the BN cell formation. The butachlor and isoproturon treated cells 
showed the NDI of 1.80 and 1.82 at 100 \iM concentrations vis-a-vis an NDI of 1.92 in 
case of untreated control cells. 
Table 14. Assessment of butachlor induced DNA damage in human lymphocytes based on 
different parameters of SCGE assay. 
Groups 
Control 
DMSO (1%) 
MMS (2 mM) 
Butachlor (^M) 
50 
100 
250 
500 
Olive tail moment 
(Arbitrary Unit) 
0.32 ± 0.02 
0.35 ± 0.82* 
26.27±0.19' 
3.07 ± 0.49' 
10.09 ±1.2' 
16.65 ±0.85' 
20.26 ±1.12* 
Tail DNA (%) 
0.91 ± 0.50 
0.74 ±0.11"' 
33.94 ± 0.46' 
8.53 ± 0.69"' 
19.90 ±1.14' 
24.36 ±1.34' 
31.31 ±1.54' 
Tail length (^m) 
9.6 ± 1.08 
11.38 ±2.54' 
496.36 ± 0.48' 
102.02 ± 1.68' 
180.24 ±1.69' 
224.57 ±0.91 
296.49 ± 0.90' 
Data represent the mean ± SEM of three experiments. MMS: Methyl methanesulfonate; 
DMSO: Dimethysulfoxide. ns = non significant; * p<0.05. 
Table 15. Assessment of isoproturon induced DNA damage in human lymphocytes based 
on different parameters of SCGE assay. 
Groups 
Control 
DMSO (1%) 
MMS (2 mM) 
Isoproturon (fiM) 
50 
100 
250 
500 
0]ive tail moment 
(Arbitrary Unit) 
0.49 ± 0.04 
0.53 ± 0.04"' 
25.54 ±0.53* 
9.49 ± 0.65* 
15.67 ±0.82' 
22.66 ±1.06' 
23.54 ±1.78* 
Tail DNA (%) 
0.91 ±0.05 
1.27 ±0.04"' 
29.55 ±1.13* 
15.31 ±0.90"" 
23.29 ±1.36* 
27.54 ±1.28* 
32.92 ±1.12* 
Tail length (^m) 
7.66 ±0.58 
10.55 ±0.52"' 
441.55 ± lO.r 
98.11 ±4.30* 
139.38 ±5.30* 
177.75 ±6.53* 
218.83 ±9.06* 
Data represent the mean ± SEM of three experiments. MMS: Methyl methanesulfonate; 
DMSO: Dimethysulfoxide. ns = non significant; * / K 0 . 0 5 . 
Figure 40. Representative photomicrographs of the typical binucleated human 
lymphocytes appeared after 24 h in CBMN assay. Panels (A-C) represent 6 % Giemsa 
stained cells of (A) untreated, (B) DMSO (1%) as solvent and (C) MMS (100 nM) as 
positive controls. Panels (D-F) show the binucleated human lymphocyte treated with 25, 
50 and 100 [iM butachlor, respectively. 
Figure 41. Representative photomicrographs of the typical binucleated human 
lymphocytes appeared after 24 h in CBMN assay. Panels (A-C) represents 6 % Giemsa 
stained cells of (A) untreated, (B) DMSO (1%) as solvent and MMS (100 ^M) as positive 
controls. Panels (D-F) show the binucleated human lymphocytes treated with 25, 50 and 
100 i^M isoproturon, respectively. 
Table 16. Effect of butachlor on micronuclei formation in human lymphocytes. 
Compound Dose BNMN/1000 cells NDI 
Control 
DMSO (%) 
MMS (\iM) 
Butachlor (nM) 
0 
1.0 
100 
25 
50 
100 
9.0 ± 2.01 
10.0 ±1.88"^ 
22.0 ± 3.02* 
19.0 ±2.93* 
29.0 ±2.18* 
34.0 ± 3.44* 
1.92 
1.92 
1.80 
1.90 
1.85 
1.80 
Data represent the mean ± S.D of three experiments done in duplicate. MMS: methyl 
methane sulphonate (positive control); DMSO: solvent control; ns= non significant, *= 
p<0.05; N.D: not done. 
Table 17. Effect of isoproturon on tnicronuclei formation in Jiuman lymphocytes. 
Compound 
Control 
DMSO (%) 
MMS (^ iM) 
Isoproturon (nM) 
Dose 
0 
1.0 
100 
25 
50 
100 
BNMN/1000 cells 
12.0 ± 1.41 
10.0 ±1.38"' 
23.0 ±2.82* 
17.0 ±3.53* 
28.0 ± 3.48* 
35.0 ±5.65' 
NDI 
1.92 
1.90 
1.80 
1.91 
1.86 
1.82 
Data represent the mean ± S.D of three experiments done in duplicate. MMS: methyl 
methane sulphonate (positive control); DMSO: solvent control; ns= non significant, *= 
;?<0.05; N.D: not done. 
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4. Discussion 
In the present study, the interactions of butachlor and isoproturon with ctDNA have 
been demonstrated by fluorescence spectroscopy. The mode and extent of interaction of 
the herbicides with DNA have been determined by fluorescence measurements. The 
fluorescence data have indicated the quenching of intrinsic fluorescence of butachlor and 
isoproturon to a significant extent upon binding with DNA. The Stem-volmer analysis 
revealed the significant association constants of the herbicides with DNA, which suggest 
their high binding affinity with DNA. The preferential binding of butachlor and 
isoproturon for the DNA minor groove has also been determined using the polypyrrole 
antibiotic Distamycin A (DistaA), which is characterized by repeating pyrrole units 
connected by amide bonds and ending with one or more positively charged nitrogen 
atoms. DistaA is capable of interacting with the minor groove of B-DNA based on its 
curved shape, which matches well with the topology of double-stranded DNA. Dista A, 
and its derivative compounds have thus been referred to as "shape-selective" binders (Tse 
and Boger, 2004). 
In general, the deeper and narrower minor groove of AT-rich sequences, and the 
absence of the protruding 2-amino group of guanine (G), is optimal for accommodating 
the shape of the compound and maximum stability of Vander Waal's contacts. Hydrogen 
bonding between the groove floor base pairs and the linking amides and electrostatic 
stabilizing interactions with the protonated amines are primary contributors to the overall 
ligand/DNA stability. A gradual decline in the fluorescence intensity of the DNA-DistaA 
complex with the increasing molar ratios of butachlor and isoproturon suggested the 
possible displacement of DistaA and the formation of herbicide-DNA complex in the 
minor groove. The spectral changes in the isoproturon and butachlor upon binding with 
DNA elucidate the significance of isoproturon and butachlor-DNA interactions in relation 
to their genotoxicity and cytotoxicity. 
The direct effect of butachlor and isoproturon on DNA has been assessed by alkaline 
hydrolysis with 0.1 and 0.5 M NaOH. Susceptibility of isoproturon and butachlor treated 
DNA to alkaline hydrolysis suggests the possible DNA alkylation and creation of 
apurinic and/or apyrimidinic sites on the DNA molecule. The phosphodiester bond 
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cleavage near each apurinic site produces acid-soluble material upon alkaline hydrolysis 
(Tamm et al, 1953). Thus, the release of acid-soluble material from butachlor and 
isoproturon-treated DNA confirmed the formation of apurinic and/or apyrimidinic sites in 
the DNA molecule. It is reported that the purine residues methylated at N-3 and N-7 
positions, are released at an accelerated rate (Lawley and Warren, 1976). The increased 
hydrolysis of alkylated DNA with 0.5 M NaOH suggests the formation of both the 
apurinic sites as well as phosphotriesters. These results are in agreement with the earlier 
studies demonstrating that the DNA hydrolysis with 0.1 M and 0.5 M NaOH possibly 
discerns the apurinic sites and phosphotriesters (Shooter and Merrifield, 1978). The 
induction of single strand breaks and alkali labile sites have also been reported in DNA 
treated with the alkylating agents N-nitrosourea (Su et al., 1983). Several in vitro and in 
vivo studies have already reported the mutagenic and genotoxic properties of 0-6 alkyl 
guanine (Musarrat et al., 1995; Musarrat et ah, 1996; Margison et al., 2002). 
The mutagenicity of butachlor and isoproturon has been further validated by the 
pUC19 DNA, which carries a short segment oi E. coli DNA that contains the regulatory 
sequences and coding information for the first 146 amino acids of the ^-galactosidase 
gene (lacZ). Embedded in the coding region is a polycloning site that does not disrupt the 
reading fi-ame but results in the harmless interpolation of a small number of amino acids 
into the amino terminal fragment of )9-galactosidase. Vectors of this type are used in host 
cells such as DH5a that encode for the carboxy terminal portion of the ^-galactosidase. 
Although, neither the host-coded nor the plasmid-coded fragments are themselves active. 
they can associate to form an enzymatically active protein. This type of complementation, 
in which deletion mutants of the operator-proximal segment of the lacZ gene are 
complemented by y?-galactosidase-negative mutants that have the operator proximal 
region intact, is called a-complementation (Short et al., 1988). The Lac^ bacteria that 
result from a-complementation are easily recognized because they form blue colonies in 
presence of the chromogenic substrate, X-gal. However, mutation in the lacZ part of the 
plasmid almost invariably results in production of an amino terminal fragment that is not 
capable of a-complementation (Ahmad et al., 2005). The dose dependent increase in the 
mutant white colonies with simultaneous decrease in the blue colonies is a clear 
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indication of butachlor and isoproturon induced mutagenicity in lacZ gene. Moreover, 
our data on 8-oxodG adducts formation, as a marker of oxidative DNA damage, clearly 
demonstrated significantly higher levels of 8-oxodG adducts in calf thymus DNA treated 
with butachlor and isoproturon under in vitro conditions. Earlier studies have also 
reported the formation of 8-oxodG DNA lesions with other pesticides (Peluso, 1998b; 
Munnia et ai, 1999; Saquib et ai, 2010). 
The genotoxicity of isoproturon and butachlor has been further ascertained on 
human lymphocytes, as lymphocytes are highly exposed to compounds across the blood 
stream. Therefore, human lymphocytes have been selected as model with the aim to 
provide better understanding of the butachlor and isoproturon genetic toxicity for 
industrial workers who are most likely exposed to herbicides. The SCGE data revealed a 
significant increase in the OTM and comet tail length, as an index of butachlor and 
isoproturon induced DNA damage in a concentration dependent manner. The damage in 
treated lymphocytes might have occurred due to interaction of herbicides and/or their 
metabolites with cellular DNA, resulting in the formation of frank strand breaks and 
DNA adducts. This corroborates well with the earlier studies, which demonstrated the 
pesticide induced chromosomal aberrations (CA), sister chromatid exchanges and DNA 
adducts formation in human lymphocytes (Ribas et al., 1996; Kevekordes et al., 1996; 
Ateeq et ah, 2005). Isoproturon have been reported to induce CA and micronucleus 
formation in various mammalian and plant test systems as well as weak mutagenicity in 
microbial systems (Seller, 1978, 1979; Behera and Bhunya, 1990; Chauhan et al, 2005). 
It also induces chromatid-type aberrations in mouse bone marrow cells (Behera and 
Bhunya, 1990). 
Our results of CBMN assay demonstrated the butachlor and isoproturon induced 
genetic instability in human lymphocytes. The treatment of lymphocytes with isoproturon 
and butachlor for 24 h with subsequent addition of Cyto B resulted in formation of 
binucleate cells having variable number of micronuclei as function of butachlor and 
isoproturon concentration, which is suggestive of the clastogenicity of the herbicides. 
Studies on the root meristem cells o^ Allium cepa exposed to isoproturon also revealed 
impairment of microtubular function at different stages of the cell cycle that resulted in 
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the induction of significant frequencies of mitotic aberrations (Chauhan and Sundaraman 
1990; Chauhan et al., 1998; Chauhan and Gupta, 2005). Significant increase in the 
numbers of MN formation both in the mononucleated and binucleated cells at the 
butachlor and isoproturon dose range of 25 to 100 nM vis-a-vis untreated controls, 
unequivocally demonstrated the DNA damaging potential and anti-karyokinesis activity 
of these herbicides in human cells. Also, the treatment of lymphocytes with butachlor for 
24 h with subsequent addition of Cyto B resulted in formation of binucleate cells having 
variable number of micronuclei as function of butachlor concentration, which is 
suggestive of the clastogenicity of the herbicide. This is in agreement with the earlier 
report indicating the clastogenic potential of butachlor (Panneerselvam et al., 1999). 
In conclusion, the direct interaction of butachlor and isoproturon with DNA resulted 
in the induction of DNA strand breaks and generation of promutagenic 8-oxodG lesions, 
which clearly suggest the potential for genotoxicity of these herbicides in human 
lymphocytes. Thus, the herbicides induced cyto and genetic toxicity, as demonstrated 
through our vitro studies, may disrupt the genetic integrity and the unrepaired DNA 
lesions may ultimately promote the risk of developing malignant disorders. 
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1. Introduction 
Butachlor and isoproturon are being used widely as herbicides for control of a broad 
range of annual grasses and broad leaf weeds (Mackay et al., 1997).These herbicides are 
relatively soluble in water and get moderately adsorbed onto the soil constituents. They 
are fairly mobile in soil and are often detected as contaminants in rivers, streams, lakes 
and seawater (MuUer et al, 2002). The potential for contaminating surface and ground 
water makes these herbicides as the agrochemicals of special interest from the health and 
environmental point of view. Their direct or indirect toxic effects on a wide variety of 
organisms and the ecotoxicological studies suggest that these herbicides and their 
metabolites are carcinogenic for animals and humans (Hoshiya et al., 1993; 
Panneerselvam et al., 1999; Geng et al., 2005), and also harmful to aquatic invertebrates 
(Mansour et al, 1999; Yen et al, 2002; Ateeq et al, 2006; Vallotton et al, 2009), and 
microbial communities (Kole and Dey, 1989; Min et al, 2002; Widenfalk et al, 2008). 
Owing to its persistence in soil and associated threats to the agro-ecosystem and 
human health through occupational exposures and food chain (Sapna et al, 1995; 
Debnath et al, 2002), it is imperative to investigate their efiRcient remediation from 
contaminated soil. In this regard, various pathways of herbicides decomposition viz. 
hydrolysis, photol)^ic oxidation, and microbial transformation have already been reported 
by various investigators (Racke, 1992; Pehkonen and Zhang, 2002; Trebse and Arcon, 
2003). Nevertheless, microbial degradation is considered to be a primary mechanism for 
the dissipation of pesticides from soil (Sethunathan et al, 1973). 
Microorganisms are known to degrade a variety of carbonaceous substances 
including the accumulated pesticides and herbicides in soil to derive their energy and 
other nutrients for their cellular metabolism (Musarrat et al, 2000; Bano and Musarrat 
2003). However, the information on butachlor and isoproturon biodegradation, in general 
is sparse. To the best of our understanding, no systematic study has been conducted on 
butachlor and isoproturon degradation in soil bioaugmented with axenic bacterial 
cultures. An earlier report demonstrated enhanced butachlor degradation in wheat 
rhizosphere soil inoculated with the bacterial community HD (Yu et al., 2003). 
Furthermore, several pesticide degrading bacteria are known to possess additional 
capabilities of producing lAA, siderophores and other plant growth promoting factors 
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(Bano and Musarrat, 2003, 2004; Zaidi et al., 2006), which makes them value added 
bioinoculants for beneficial field applications in contaminated soils with inherent 
capability of bioremediation and plant growth promotion. In view of their persistent field 
applications in the Northern India, and limited information available on the degradation 
rates of butachlor and isoproturon in soil, this study was initiated with the aim of isolating 
herbicide resistant bacterial strains with unique capabilities of performing herbicide 
degradation, plant growth promotion and biocontrol activities concurrently. To achieve 
these objectives, the soil bacterial population was screened and the butachlor and 
isoproturon degrading bacteria were isolated and characterized using biochemical and 
molecular tools. The novel strains were assessed for their degradation kinetics and other 
auxiliary biological activities in soil as described in this chapter and chapter VI. 
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2. Materials and methods 
2.1. Collection of soil and physico-chemical analysis 
Soil samples (0-20 cm) were collected from the agricultural field in vicinity of the 
thermal power plant at Kasimpur, located at Aligarh district (27 ° 29' latitude to 28 " 
11'and 72° 29' to 78 ° 38' longitude), Northern India with a history of butachlor and 
isoproturon applications in CFA contaminated soil. After transportation to the laboratory, 
the soil was air dried, ground, and passed through a sieve of 20 meshes (0.9 mm). 
Suspension of soil samples were prepared in Milli-Q water in the ratio of 1:2 (w/v) and 
allowed to stand with continuous shaking on rotJiry shaker at 100 rpm for 30 min. The pH 
was determined using digital pH meter. The soil temperature was recorded at the 
sampling site using Hicks mercury thermometer. 
2.2. Isolation of butachlor and isoproturon degrading bacteria 
Bacteria capable of degrading butachlor and isoproturon were isolated by the 
enrichment culture technique. The soil homogenate was inoculated in 50 ml nutrient 
broth (Hi-Media, India) supplemented with 100 ^gm^' butachlor (97%) and isoproturon 
(94.6%) separately and incubated at 30 °C. Subsequently, 0.2 ml of the cultures were 
plated on M9-mineral salt agar plates (Appendix 15) supplemented with 200 ngml"' of 
butachlor and isoproturon, separately. The resulting colonies were repeatedly sub-
cultured in M9-medium containing 500 ngml' of butachlor and isoproturon to confirm 
their herbicides catabolizing ability. A total of 240 and 185 colonies were picked up from 
butachlor and isoproturon supplemented M9 agar plates, respectively. The isolates were 
initially screened for butachlor and isoproturon tolerance up to 3 mgml"' using minimum 
inhibitory concentration (NDC) technique. The selected butachlor resistant isolates (JS-1. 
JS-65, and JS-151) and isoproturon resistant isolates (JS-11, JS-25) were found the most 
efficient. Amongst them, the most tolerant isolates for butachlor (JS-1) and isoproturon 
(JS-ll) were finally chosen for further characterization and assessment of their 
biodegradation potential. 
2.3. Growth kinetics of butachlor and isoproturon degrading isolates 
The bacterial isolates were separately grown in M9-medium (pH 7.2) containing 200 
Hgmf butachlor and isoproturon as a sole source of carbon. For determination of growth 
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kinetics, 0.1 ml of cultures of the isolates JS-1 and JS-11 were inoculated into 20 ml 
nutrient broth and mineral salt medium, supplemented with 1000 ngml" butachior and 
isoproturon in 100 ml Erlenmeyer flasks. The cultures were incubated at 30 °C in a shaker 
water bath. At regular time intervals, the optical density at 600 nm was measured on a 
spectrophotometer and the viable bacterial counts in terms of colony forming units (CFU 
ml') were determined by plating the serially diluted cultures on agar plates at regular 
time intervals. The growth curves were obtained by plotting the CFU ml' as a function of 
time. 
2.4. Kinetics of biodegradation 
The soil (sandy loam) microcosms in triplicate consisting of 1 kg each of sterilized 
rhizospheric soil (control), unsterilized rhizospheric soil, and bioaugmented unsterilized 
rhizospheric soil were prepared in autoclaved earthen pots. The soil samples were 
amended with butachior (EC 50%, 15 kg a.i. ha"' (lOX of recommended dose) equivalent 
to a.i. 6 mgkg"') and isoproturon (EC 75%, 15 kg a.i. ha"' (lOX of recommended dose) 
equivalent to a.i. 10 mgkg"') of soil. The bioaugmented soil samples were enriched with 
freshly grown cultures of the isolates JS-1 and JS-11 at the cell densities of 10^  CFU g ' 
soil. The moisture content of the soil was maintained at 55% water holding capacity by 
adding sterilized distilled water. The soil was turned every week to enhance O2 
availability. The pots were covered with thick black paper sheet to avoid any 
photodegradation of herbicide and incubated at ambient temperature. At different time 
points from 0 to 20 days, aliquots of 5 g soil in triplicate (total 15 g soil) were removed 
from the microcosms. The control consisting of sterilized soil with same amount of 
butachior and isoproturon were run simultaneously under identical conditions. The 
samples were subjected to organic solvent extraction three times with HPLC grade 
acetone for butachior and ethyl acetate for isoproturon. The extracts were filtered and 
evaporated to near dryness on a rotary thin film evaporator. The residues were dissolved 
in 5 ml of organic solvent and stored at 4 °C until analysis. The HPLC analysis was 
performed on Waters HPLC System coupled with 2487 dual X UV/Visible detector. 
Separation was achieved by using a C-18 Novapak (Waters Corp., Milford, MA. USA) (4 
jiM) radically compressed cartridge using acetonitrile:water in the ratio of 70:30, as a 
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mobile phase. The flow rate was Imlmin'^  and absorbance was read at 225 nm and 240 
nm for butachlor and isoproturon, respectively. The degradation rate constant (k) was 
determined using the algorithm C/ Co = e ""^ , where Co is the amount of herbicide in the 
soil at time 0, Ct is the amount of herbicide in soil at time t and, k and t are the rate 
constant (per day) and degradation period in days, respectively. 
2.5. Characterization of butachlor and isoproturon degrader strains 
2.5.1. Morphology and biochemical analysis 
Identification and characterization of the isolates JS-1 and JS-11 were done on the 
basis of the colony morphology and biochemical characteristics following Bergey's 
Manual of Systematic Bacteriology (1984). 
2.5.2. BIOLOG Assay 
The metabolic profiles of the strains were realized using BIOLOG GN plates 
following the recommendations of the producer (Biolog Inc., Hayward, CA, USA). In 
preparation for analysis, the colonies were picked from pure cultures of bacteria and 
plated on BUG® agar plate. Separate plates were set up for each strain to be analyzed. 
The Biolog Microlog® Bacterial Identification System consists of databases combined 
with specialized 96-weIl plates. A panel of 95 different substrates gives a very distinctive 
and repeatable pattern for metabolic fingerprints (June et al., 2006). 
2.5.3.16Sr RNA gene sequence 
The strains JS-1 and JS-11 were characterized based on 16SrRNA gene sequence 
homology and phylogenetic analysis following the methods as described by Bano and 
Musarrat (2003); Singh et al. (2009). 
2.5.4. DNA isolation, PCR amplification and cloning 
The isolates JS-1 and JS-11 were grown in nutrient broth at 30 °C. Cells were 
harvested after 24 h and processed immediately for DNA isolation by standard procedure 
(Sambrook et al., 1989). The concentration and purity of the DNA preparation were 
determined by measuring optical density at 260 nm and the ratio at 260/280 nm with UV-
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Vis spectrophotometer. Using the purified genomic DNA as target, the gene coding for 
16SrRNA was amplified employing primers, fDl (5'-AGAGTTTGATCCTGGCTCAG-
3') and rDI (5'-AAGGAGGTGATCCAGCC-3') complementary to the 5' and 3' regions 
of eubacterial 16SrRNA genes, respectively. The PCR amplification was carried out in a 
final volume of 50 \i\. Briefly, the amplification reaction containing 50 ng template DNA, 
30 pmole each of universal primers, 0.2 mM dNTPs, and 2.5 U Taq polymerase 
(GIBCO, BRL) in 1^ 1 PCR buffer (Sigma, USA) was run on thermal cycler. The 
amplification reaction was cycled as follows: 94 °C for 1 min, 55 ''C for 1 min; 72 C for 
1 min and a post-dwell at 72 °C for 3 min for 30 cycles. The amplicons were analyzed on 
1.5% agarose gel in IX TAE, run at 50 V for 2 h and purified using QIA quick PCR 
purification kit, Qiagen, USA. The purified amplicon (1.5 kb) was sub-cloned with in 
lacZ gene in pGEM-T easy vector (3.015 kb) (Promega, USA). The selected clone was 
subjected to sequencing of 16SrRNA gene fragment with SP6 and T7 sequencing primers 
using ABI prism 3730 sequencer. The DNA sequences of JS-1 and JS-11 were submitted 
to GenBank NCBI database and the accession Nos. EF378655 and EF37865, respectively 
were obtained. 
2.5.5. Multiple sequence alignments andphylogenetic analysis 
The Blastn analysis of the partial sequences of 16SrRNA gene of strains JS-1 and 
JS-11 was performed using the sequences available in GenBank 
(http://www.ncbi.nlm.nih.gov/hlast/Blast.cgi). The homologous 16SrRNA gene 
sequences were subjected to the multiple sequence alignments (Thompson et ai, 1994) 
by ClustalW multiple alignment method using BioEdit (version 5.0.9). Phylogenetic trees 
were constructed by the neighbour-joining (NJ) method (Saitou and Nei, 1987) with 
nucleotide pair-wise genetic distances corrected by Kimura two-parameter method 
(Kimura, 1980) using TreeCon tool. The reliability of trees topology was subjected to a 
bootstrap test and numbers at nodes indicate bootstrap support values as a percentage of 
1000 replications. All branches with < 60% bootstrap support were judged as 
inconclusive and were collapsed and branch lengths for all trees were normalized to 
0.02% divergence. 
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3. Results 
3.1. Isolation ofbutacMor degrading bacterial strains 
Using the most efficient butachlor degrader isolate JS-1 was screened out of a total 
of 240 isolates assessed for butachlor tolerance in the range of 100 ngmf to 3 mgrnl 
butachlor on M9 agar plates. Amongst all, the isolate JS-1 exhibited maximum butachlor 
tolerance at the highest concentration (3 mgml') in MIC studies, and showed effective 
utilization of butachlor as a sole source of carbon at sub-lethal concentration in liquid 
medium. The growth kinetics studies in rich medium demonstrated exponential growth of 
isolate JS-1 up to 18 h of incubation in presence of 1000 ^gm^' butachlor. However, 
enrichment culture technique, in fresh mineral salt medium containing 1000 ligml" 
butachlor, the isolate JS-1 exhibited a prolonged (9 h) lag phase as an adaptation period 
before the exponential growth was resumed (Figure 42). Nevertheless, the growth in 
minimal medium at pH 7.0 and temperature 28 °C clearly suggest the capability to utilize 
butachlor as a source of carbon and energy. The kinetic data revealed the growth rate (n) 
and generation time (t) of the strain JS-1 in mineral salt and rich media as 0.43 h ' and 2.3 
h, and 0.66 h"' and 1.5 h, respectively. 
3.2. Isolation of isoproturon degrader bacterial strains 
The most efficient isoproturon degrading isolate JS-11 was screened out of a total of 
185 isolates assessed for isoproturon tolerance in the range of 100 iigmf' to 3 mgrnl"' 
isoproturon on M9 agar plates. Amongst all, the isolate JS-ll exhibited maximum 
isoproturon tolerance at the highest concentration (2.5 mgrnl') in MIC studies and 
showed effective utilization of isoproturon as a sole source of carbon at sub-lethal 
concentration in liquid medium. The growth kinetics studies in rich medium 
demonstrated exponential growth of isolate JS-11 up to 15 h of incubation in presence of 
1000 figml"' isoproturon. However, in a fresh mineral salt medium containing 1000 \igm\ 
' isoproturon, the isolate JS-ll exhibited a prolonged (7 h) lag phase as an adaptation 
period before the exponential growth was resumed (Figure 43). The growth in minimal 
medium at pH 7.0 and temperature 28 °C clearly suggest the capability to utilize 
isoproturon as a source of carbon and energy. The kinetic data revealed the growth rate 
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Figure 42. Growth pattern of bacterial strain JS-1 under 
different growth conditions. The curves represented are in: 
(•) M9 medium and (•) nutrient broth, alone; (T) and (•) 
M9 medium and nutrient broth supplemented with 1000 
ligml"' butachlor, respectively. 
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Figure 43, Growth pattern of bacterial strain JS-11 
under different growth conditions. The curves 
represented are in: (•) M9 medium and (A) nutrient 
broth, alone; (T) and (•) M9 medium and nutrient 
broth supplemented with 1000 ngml'' isoproturon, 
respectively. 
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(n) and generation time (t) of the strain JS-] 1 in mineral salt and rich media as, 0.21 h ' 
and 4.6 and 0.61 h ' and 1.62 h, respectively. 
3.3. Characterization ofbutachlor degrader strain JS-1 
The isolate was found to be aerobic, non-spore forming. Gram negative, rod shaped 
bacteria producing small, circular, yellowish colonies on nutrient agar and M9 agar 
plates. The freshly grown culture showed positive tests for oxidase and catalase, and 
exhibited the ability of nitrate reduction, glucose fermentation, and amino acid utilization 
and therefore, presumptively identified as Stenotrophomonas sp. (Table 18). Most of the 
phenotypic traits of isolate JS-1 correspond well with the characteristics of the 
Stenotrophomonas acidaminiphila sp. nov. strain AMX 19^ (Assih et al., 2002). For 
molecular characterization, the 16SrRNA gene was amplified using gene specific 
primers. The purified amplicon (1.5 kb) is shown as a single band in Lane 1 on agarose 
gel in Figure 44. The amplicon has one EcoKl cut site at position 672 and, therefore, 
yielded two distinct bands on enzymatic digestion (Lane 2). The intact amplicon was 
cloned within lacZ gene in pGEM-T easy vector and successfully transfected in DH5a 
cells. The recombinant plasmid fi-om a representative clone and its £coRI digest with 
distinct bands representing the vector and insert are shown in Figure 44 (lanes 3 and 4). 
Multiple sequence alignments of the cloned 16SrDNA (Accession no. EF378655) with 
the sequence in NCBI GenBank revealed homology with the members of the genus 
Strenotrophomonas. The phylogenetic tree (Figure 45) showed closest relationship with 
Stenotrophomonas acidaminiphila (AF273080 and AF273079) and falls in the same 
clade exhibiting 100% homology. Therefore, the characterization based on biochemical 
tests and 16SrDNA homology of a partial sequence (1160 bp) with the sequences in 
NCBI database confirmed the identity of strain as Stenotrophomonas acidaminiphila 
strain JS-1. 
3.4. Characterization of isoproturon degrader strain JS-11 
The isolate JS-11 was found to be aerobic, non-spore forming. Gram negative, rod 
shaped bacteria producing small, circular colonies on nutrient agar and M9 agar plates. 
The freshly grown culture showed positive tests for oxidase and catalase. and exhibited 
Table 18. Morphological and biochemical characterization of butachlor degrading soil bacteria. 
Characteristics JS-1 AMX19' 
Colony Morphology 
Gram stain 
Biochemical Test 
Indole test 
Voges-Proskauer 
Methyl red 
Catalase 
Oxidase 
Nitrate reduction 
Sugar Fermentation 
Sucrose fermentation 
N-Acetyl-D-glucosamine 
D-Fructose 
D-Glucose 
Mannose 
D-Sorbitol 
D-Trehalose 
Organic acid utilization 
Succinic acid 
Acetic acid 
a-Hydroxybutyric acid 
Lactic acid 
Amino acid utilization 
Aspartic acid 
Glutamic acid 
D-Alanine 
L-AIanine 
Glycil -L-butyric acid 
L-Histidine 
Hydroxy-1-proline 
L-Leucine 
L-Serine 
Small, Circular, Yellowish colony 
-ve Bacilli 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Circular, Yellowish colony 
-ve Bacilli 
+ 
+ 
+ 
+ 
+ 
•Data for Stenotrophomonas acidaminiphila sp.nov. strain AMX19' were taken from Assih et al.(2002) for 
comparative analysis of our strain JS-l.Characterstics are scored as: +,utilized; -,not utilized. 
Figure 44. Agarose gel showing the bands of l6SrDNA 
ampiicon and pDrive cloning vector with insert. Lanes are 
indicated as; M, Marker (Lambda DNA Hind WVEcoKX digest); 
Lane 1, PCR ampiicon of JS-1 16SrRNA gene; Lane 2, £coRl-
digested PCR ampiicon; Lane 3, £coRI-digested control 
plasmid vector. Lane 4, £coRI-digested recombinant plasmid. 
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Figure 45. Phylogenetic relationship based on 16SrRNA gene nucleotide 
sequences between the Stenotrophomonas acidaminiphila strain JS-1 and 
reference sequences retrieved from NCBI GenBank. All bootstrap values of 
58% or greater are indicated on the tree. The scale bar indicates the numbers 
of nucleotide substitutions per site. 
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the ability of nitrate reduction, glucose fermentation, and amino acid utilization and 
therefore, presumptively identified as Pseudomonas sp. (Table 19). The BIOLOG assay 
of the isolate also suggested that the strain belong to group Pseudomonas aeruginosa 
(Figure 46). Furthermore, the 16SrRNA gene amplified using gene specific primers 
provided a 1.5 kb amplification product. The purified amplicon is shown as a single band 
in Lane 1 on agarose gel in Figure 47. The intact amplicon was cloned within lacZ gene 
in pGEM-T easy vector and successfully transfected in DH5a cells. The plasmid vector 
and recombinant plasmid from a representative clone and its Ecd91 digest with distinct 
bands are shown in Figure 47 (lanes 2 and 3). Sequencing of the cloned amplicon 
provided a partial sequence of 1191bp and the NCBI data base accession no. EF378653 
was obtained. Blastn analysis of 16SrDNA sequence revealed homology with the 
members of Pseudomonas aeruginosa. Multiple alignments and phylogenetic analysis 
demonstrated that the strain JS-11 clustered with Pseudomonas aeruginosa (EU099379 
and EU252502) and exhibited close relationship with 100% similarity with these strains 
(Figure 48). 
3.5. Kinetics ofbutachlor biodegradation 
Figure 49 shows the degradation isotherms exhibiting complete disappearance of 
butachlor as a function of time in soil microcosm under specified conditions. The bacteria 
Stenotrophomonas acidaminiphila strain JS-1 exhibited complete butachlor degradation 
in bioaugumented soil within 20 days at ambient temperature, following the first order 
rate kinefics with the rate constant of 0.17d'. Albeit, the disappearance of butachlor has 
been noticed in unsterilized soil due to the presence of indigenous heterotrophic 
microflora in rhizospheric soil, the addition of strain JS-1 has significantly enhanced the 
degradation to the extent of 31% in bioaugmented soil after 20 days of incubation under 
identical conditions. However, the control sterilized soil containing the same 
concentrafion ofbutachlor does not exhibit any butachlor degradation. The shorter half-
life of butachlor in bioaugmented rhizospheric soil shows that degradation of herbicide 
was enhanced by the biodegrader innoculant Stenotrophomonas acidaminiphila strain JS-
1. Due to its capacity of using butachlor as a sole source of carbon and energy for its 
growth, the strain JS-1 inoculation to rhizospheric soil has accelerated the degradation 
Table 19. Morphological and biochemical characterization of isoproturon degrading soil bacteria. 
Characteristics 
Colony Morphology 
Gram stain 
Biochemical Test 
Indole test 
Voges-Proskauer 
Methyl red 
Catalase 
Oxidase 
Nitrate reduction 
Sugar Fermentation 
Sucrose fermentation 
N-Acetyl-D-glucosamine 
D-Fructose 
D-GIucose 
Mannose 
D-Sorbitol 
D-Trehalose 
Organic acid utilization 
Succinic acid 
Acetic acid 
a-Hydroxybutyric acid 
Lactic acid 
Amino acid utilization 
Aspartic acid 
Glutamic acid 
D-Alanine 
L-AIanine 
Glycil -L-butyric acid 
L-Histidine 
Hydroxy-l-proline 
L-Leucine 
L-Serine 
Presumptive identification 
JS-11 
Large, irregular, greenish yellow, 
-ve Bacilli 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Pseudomonas aeruginosa 
PAOl 
greenish yellow, 
-ve Bacilli 
+ 
+ 
+ 
•Data for Pseudomonas aeruginosa sp.nov. strain PAOl were taken from Ferguson et a/.(2006) for comparative 
analysis of our strain JS-11 .Characterstics are scored as: +,utilized; -,not utilized. 
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Figure 46. BIOLOG analysis and genetic relatedness of bacterial strain JS-11 with the 
reference strains based on carbon source utilization using GN2 BIOLOG plate. 
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Figure 47. Agarose gel showing the bands of 16SrRNA 
amplicon and pDrive cloning vector with insert. Lanes are 
indicated as; M: Marker (Lambda DNA Hind III/£coRl 
digest); Lane 1: PCR amplicon of JS-11 16SrRNA gene; Lane 
2: EcoRl digested control plasmid vector; Lane 3: ^coRI 
digested recombinant plasmid. 
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Figure 48. Phylogenetic relationship based on 16Sr RNA gene nucleotide sequences between 
the Pseudomonas aeruginosa strain JS-U and reference sequences retrieved from NCBI 
GenBank. The scale bar indicates the numbers of nucleotide substitutions per site. 
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Figure 49. Rate of disappearance of butachlor in soil 
inoculated with pure culture of butachlor degrading bacteria 
Stenotrophomonas acidaminiphila strain JS-1. The amount of 
butachlor remaining in amended soil at different time points 
was estimated by HPLC analysis in SRS: sterilized 
rhizosphere soil; RS: rhizosphere soil; RS+JS-1: inoculated 
rhizosphere soil. The inset shows the percentage of butachk)r 
degradation as a function of time. 
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process as compared to uninoculated rhizospheric soil with 20 % reduction in butachlor 
half-life. Thus, the strain JS-1 has demonstrated the capability of surviving and 
competing with the indigenous microflora. The HPLC analysis of the organic extracts of 
the soil microcosms at different time points showed significant time dependent reduction 
in the major peak of butachlor at retention time 12.5 min with the concomitant 
appearance of auxiliary peaks of unidentified butachlor metabolites (Figure 50). The 
gradual decrease in the parent compound and appearance of multiple secondary peaks 
indicates the microbial transformation of butachlor in soil. 
3.6. Kinetics of isoproturon biodegradaiion 
The bacteria Pseudomonas aeruginosa strain JS-11 exhibited complete isoproturon 
degradation in bioaugumented soil within 20 days at ambient temperature, following the 
first order rate kinetics with the rate constant of 0.086 d' (Figure 51). However, the 
control sterilized soil containing the same concentration of isoproturon does not exhibit 
any isoproturon degradation. The data revealed that the inoculants Pseudomonas 
aeruginosa strain JS-U shortens the half-life of isoproturon in bioaugmented 
rhizospheric soil. 
Due to its capacity of using isoproturon as a sole source of carbon and energy for its 
growth, the strain JS-1 i inoculation to rhizospheric soil has enhanced the degradation as 
compared to uninoculated rhizospheric soil with almost 50 % reduction in isoproturon 
half-life. The HPLC analysis of the organic extracts of the soil microcosms at different 
time points showed significant reduction in the major peak (RT 4.0 min) of isoproturon 
with the concomitant appearance of auxiliary peaks of unidentified isoproturon 
metabolites, in a time dependent manner (Figure 52). The gradual decrease in the parent 
compound and appearance of multiple secondarj' peaks indicates the microbial 
transformation of isoproturon in soil. The shorter half-life of isoproturon in inoculated 
rhizosphere soil suggests that the degradation of the herbicide is significantly improved 
by rhizosphere microorganisms. 
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Figure 50. HPLC chromatograms sliowing the disappearance of butachlor and its 
metabolites in extracts of soil microcosm augmented with pure culture of 
butachlor degrading strain JS-1. The amount of butachlor remaining in amended 
soil at different time points was estimated at 0, 4, 8, 12. 16 and 20 days. 
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Figure 51. Rate of disappearance of isoproturon in soil 
inoculated with pure culture of isoproturon degrading 
hacXcnapseiidomonas aeruginosa strain JS-11. The amount 
of isoproturon remaining in amended soil at different time 
points was estimated by HPLC analysis in SRS: sterilized 
rhizosphere soil; RS: rhizosphere soil; RS+JS-11: 
inoculated rhizosphere soil. The inset shows the percentage 
of isoproturon degradation as a function of time. 
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Figure 52. HPLC chromatogram showing the disappearance of isoproturon and its 
metabolites in extract of soil microcosm augmented with pure culture of isoproturon 
degrading strain JS-11. The amount of isoproturon remaining in amended soil at 
different time points was estimated at 0, 4, 8, 12, 16 and 20 days. 
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4. Discussion 
Soil harbors a high number of diverse microbes, which are considered as the 
principal agents responsible for pesticide degradation. Indeed, microbial degradation of 
pesticides applied to soil is a natural mechanism, which prevents the accumulation of 
these agrochemicals in the environment. It has been demonstrated that bacteria are the 
dominant agents causing accelerated degradation of pesticides while fungi have little or 
no role in the phenomenon. This is in agreement with the fact that in many cases flingal 
degradation is a co-metabolic reaction by non-specific lignolitic or cytochrome 450 
enzymes (Fernando and Aust, 1994; Kullman and Matsumura, 1996; Yadav et al., 2003). 
In the present study, two bacterial strains identified as Stenotrophomonas acidaminiphila 
strain JS-1 and Pseudomonas aeruginosa strain JS-11 have been isolated from 
agricultural soil contaminated with CFA and herbicides butachlor and isoproturon. The 
Gram negative, rod shaped bacterial strains producing small, circular, yellowish colonies 
on nutrient agar were characterized based on their morphological, biochemical and 
genetic characteristics. The 16SrDNA sequences of 1160 and 1191 bp obtained as PCR 
amplification products of the cloned DNA fragments exhibited 100 % identity with the 
strains Stenotrophomonas acidaminiphila and Pseudomonas aeruginosa upon Blastn 
analysis, which suggested their affiliation with genus Stenotrophomonas and 
Pseudomonas. The phylogenetic data based on nucleotide pair-wise genetic distances 
revealed the clustering of strains JS-I and JS-11 with Stenotrophomonas acidaminiphila 
(AF273080 and AF273079) and Pseudomonas aeruginosa (EU099379 and EU252502). 
Biodegradation data obtained with the bacteria Stenotrophomonas acidaminiphila 
strain JS-1 revealed the disappearance of butachlor as a function of time under specified 
conditions. The degradation isotherms exhibited complete butachlor degradation in 
bioaugumented soil within 20 days at ambient temperature, following the first order rate 
kinetics with the rate constant of 0.17 d'. This supports the observations of Yu et al. 
(2003), who have also reported that the butachlor degradation with the first order rate 
kinetics in the wheat rhizospheric and inoculated rhizospheric soil. The control sterilized 
soil containing the same concentration of butachlor does not exhibit any degradation. 
Strenotrophomonas sp. are common inhabitants of a wide variety of natural and artificial 
environments such as water, sediments, plant rhizosphere, corroded metal surfaces. 
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waste-gas biofilters, aquatic tanks, oil fields, sewage and aerobic reactors, and are known 
to degrade various aromatic and chloroaromatic compounds (Wallace et ai, 1994; 
Boonchan et al., 1998; Hauben et al, 1999; Zheng et ai. 2007; Zhang et ai, 2009). It has 
been suggested that the microbial population size vary in the order of inoculated 
rhizosphere > rhizosphere > sterilized rhizosphere soil (Sicilano and Gemida, 1991; 
Chinean et al., 2009). The strain JS-1 has demonstrated the capability of surviving and 
competing with the indigenous microflora. The shorter half-life of butachlor in inoculated 
rhizosphere soil suggests that the degradation of the herbicide was enhanced by 
rhizosphere microorganisms. Yu et al. (2003) also have reported that the faster 
degradation of the butachlor in the rhizosphere inoculated with the bacterial community 
capable of degrading butachlor. 
It is well know that the members of the genus Pseudomonas are metabolically active 
bacteria that can utilize many agrochemicals. These bacteria have been isolated from 
various soils contaminated with organophosphorus pesticides, such as chlorpyrifos, 
parathion, methylparathion (Ghassempour et al., 2002; Yasouri, 2006; Lakshmi et al., 
2008) and other xenobiotics. Particularly, the pseudomonads constitute a predominant 
group of rhizosphere soil recognized for their catabolic potential and inherent capacity for 
degradation of xenobiotics (Gibson, 1984; Ajithkumar, 2003). Previous reports suggested 
that this genus could degrade a number of pesticides including carbaryl (Swetha et al, 
2005), malathion (Imran et al, 2004), and carbofuron (Bano and Musarrat, 2003). 
Recently, Sarkar et al. (2010) reported the biodegradation of propargite by Pseudomonas 
putida in tea rhizospheric soil. In the present study, the disappearance of isoproturon has 
been noticed in unsterilized rhizospheric soil due to the presence of indigenous 
heterotrophic micro flora in rhizospheric soil. Furthermore, the addition of Pseudomonas 
aeruginosa strain JS-11 has significantly enhanced the degradation to the extent of 40% 
in bioaugmented soil after 20 days of incubation. The shorter half-life of isoproturon in 
bioaugmented rhizospheric soil clearly suggests the biodegrading potential of the 
inoculant strain JS-11. Owing to its capacity of using isoproturon as a sole source of 
carbon and energy, the strain JS-11 inoculation to rhizospheric soil has accelerated the 
degradation as compared to uninoculated rhizospheric soil with almos* 50% reduction in 
isoproturon half-life. Till date different bacterial strains having varied abilities to degrade 
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isoproturon have been isolated from the soils under diverse climatic conditions (Sorensen 
et al, 2001; Tumbull et al., 2001; Tixier et ai, 2002; El-Sebai el al, 2004; Sun et ai, 
2009). For instance, the bacteria such as Sphingomonas sp. SRS2 (Sorensen et al., 2001), 
Methylopila sp. TES (El-Sebai et al, 2004), Sphingomonas sp. F35 (Bending et al, 2003) 
and Sphingobium sp. strains YBLl, YBL2, YBL3 (Sun et al, 2009) have been reported 
in isoproturon mineralization. However, the strains Arthrobacter globiformis D47 
(Cullington and Walker, 1999; Tumbull et al, 2001) and Arthrobacter sp. N2 (Tixier et 
al, 2002) have shown the ability to transform isoproturon to its corresponding aniline 
derivative (4-1 A) by the hydrolysis of the urea side chain. 
To the best of my knowledge, the strains Stenotrophomonas acidaminiphila strain 
JS-1 and Pseudomonas aeruginosa strain JS-11 are the first reported strains that can 
tolerate/degrade the butachlor and isoproturon up to 2.5 to 3.0 mgml"'. During growth in 
M9 mineral salt medium containing 1000 ngml' butachlor and isoproturon, the longer 
lag phase was observed in both cases (Dwivedi et al, 2010 a, b). The prolonged lag is 
attributed to adaptation phase, perhaps because of cellular processing for signal 
transduction and consequent induction of metabolic pathway for herbicide degradation. 
The extended lag phase under such conditions has been reported earlier and supports our 
results (Chen and Alexander, 1989; Jilani and Khan, 2006). The longer lag phase at 
higher concentration may also occur due to greater number of bacteria needed to initiate 
rapid degradation of pesticide. Most likely, the biodegradation starts slowly and requires 
an acclimation period before rapid degradation occurs. Thus, the microbial adaptation to 
degrade the test herbicides in unsterilized and bioaugmented soil microcosms reflects the 
(i) increase in degradation activity of a limited number of microorganisms initially 
present due to selective gene expression; (ii) increase in the number of degraders initially 
present due to microbial growth and/or lateral gene transfer; (iii) the movement of other 
microorganisms capable of degradation to the site of application and (iv) the evolution of 
the new enzymes necessary for use of the herbicides as an energy source. Therefore, the 
inoculum size could be a possible reason for the failure or success of bioremediation 
process of pesticide contaminated sites when inoculated with bacterial strains able to 
degrade the contaminants. Inoculum level of 10''-10^ cells g"' soil has been recommended 
to use for the decontamination of pesticide contaminated sites (Comeau, 1993, Anwar ei 
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ah, 2009). Based on the studies reported in this chapter, it is concluded that the soil 
bacteria Stenotrophomonas acidaminiphila strain JS-1 and Pseudomonas aeruginosa 
strain JS-11 have proved to be the specific and efficient herbicide degraders in controlled 
soil microcosms, and could be developed as effective bioinoculants for bioremediation 
purpose. Nevertheless, systematic and extensive field studies are warranted to validate 
their biodegrading capabilities before recommending these bacterial strains as herbicide 
degrading bioinoculants for bioremediation of contaminated sites. 
CHJATTEH VI 
^Assessment ofauxiCiary BioCogicaC 
activities of BacteriaCstrains JS-i and 
JS-ii and their moCecuCar dynamics 
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1. Introduction 
Soil bacteria promoting the plant growth and productivity are known for several 
decades (Brown, 1974). Indeed, certain rhizobacteria are endowed with the ability of 
providing growth factors and simultaneous biological diseases control (Kloepper et al, 
1980). Rhizobacteria are a subset of total rhizospheric bacteria, which have the capacity 
to colonize the developing root system in presence of competing microflora (Kloepper et 
al., 1993). The non-symbiotic bacteria capable of stimulating plant growth are commonly 
refereed as plant growth promoting rhizobacteria (PGPR) (Kloepper and Schroth, 1978). 
They are the free-living soil bacteria found on or near roots of plants, with the ability able 
to aggressively colonize the plant roots, and stimulate plant growth when applied to roots, 
tubers or seeds (Weller, 1988; Hoflich, 2000; Ma et al, 2001; Lee et al, 2003; Guo et al, 
2003; Ramette et al, 2003). The PGPRs have been reported to be the key elements for 
plant establishment under nutrient imbalance conditions. They improve the plant growth, 
plant nutrition, root growth, plant competitiveness and responses to external stress 
factors. Most of the microorganisms, which exhibit PGPR activity, belong to Gram-
negative bacteria including the members of Azospirillum, Pseudomonas and Enterobacter 
group. Amongst them the fluorescent pseudomonads have emerged as most potential 
plant growth promoting rhizobacteria (Bloemberg et al, 2000; Lee et al, 2003; Guo et 
al, 2003; Ramette et al, 2003; Bano and Musarrat, 2003). The fluorescent 
pseudomonads have also revolutionized the field of biocontrol, besides representing an 
important group of PGPR, which significantly increases plant growth under gontobiotic 
conditions as well as in fields (Kloepper and Schroth, 1981; Guo et al, 2001; Ramette et 
al, 2003). Nevertheless, certain Gram-positive bacteria such as Arthrobacter kloepper 
et al, 1990) and Bacillus (Egamberdiyeva and Hoflich, 2003; Ghosh et al, 2003) have 
also been reported to enhance plant growth. 
The plant growth promoting rhizobacteria utilize a variety of direct and indirect 
mechanisms for stimulating plant growth (Owen and Zdor, 2001; Ma et al, 2001; Duffy 
and Defago, 1999; Pal, 2000; Hilali, 2000). The direct process includes (i) phytohormone 
synthesis viz. auxin, cytokinin or gibberellin (Hoflich, 2000), (ii) enzymatic lowering of 
plant ethylene (Penrose el al, 2001; Ghose et al, 2003), (iii) through organic and 
inorganic phosphate solubilization (Kloepper, 1993; Altomare, et al, 2001; Martinez, 
85 
2000), (iv) non-symbiotic nitrogen fixation, and (v) stimulation of disease-resistance 
mechanisms. However, the indirect effects involves (i) production of secondary 
metabolites, such as antibiotics (Asaka and Shoda, 1996; Lee et al., 2003; Ramette, et al., 
2003), (ii) iron sequesterization by siderophores (De-Meyer and Hofte, 1997; Bloemberg 
and Lugtenberg, 2001 Auddenaert et al., 2002) and (iii) HCN production (Voisard et al., 
1989; Wang et al., 2001; Owen and Zdor, 2001), which increase plant growth by 
decreasing activities of pathogens or deleterious microorganisms (Owen and Zdor, 2001). 
Thus, a considerable attention has been paid to plant growth promoting rhizobacteria as 
the best alternative for chemical fertilizers and pesticides for ecofriendly biological 
control of soil and seed borne pathogens (Requena et al., 1997; Click et al., 1995). 
In this chapter, the herbicides butachlor and isoproturon degrading strains JS-1 and 
JS-11, identified as Stenotrophomonas acidaminiphila and Pseudomonas aeruginosa, 
respectively have been assessed for their auxiliary plant growth promoting biological 
activities, and the molecular dynamics of the certain important traits related to plant 
growth promotion and biocontrol activities have been investigated using molecular and 
bioinformatics tools. 
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2. Materials and Methods 
2.1. Assessment of the plant growth promoting activities 
2.1.1. Quantitative assessment of indole acetic acid (lAA) production 
The amounts of lAA produced by the strains JS-1 and JS-11 were determined 
according to the method of Brie et al. (1991). Briefly, an aliquot of 2 ml supernatant 
obtained from bacterial culture grown in LB broth medium (Appendix 8) without and 
with tryptophan (250 and 500 Mgml') was mixed with 100 \i\ of 10 mM orthophosphoric 
acid and 4 ml of reagent (1 ml of 0.5 M FeCb in 50 ml of 35% HCIO4). The absorbance 
of pink color developed after 25 min incubation was read at 530 nm. The lAA 
concentration in culture was determined using a calibration curve of pure lAA as a 
standard, following the linear regression analysis. 
2.1.2. Qualitative and Quantitative assessment of phosphate solubilizing activity 
The phosphate solubilizing activity of the strain JS-11 was determined by measuring 
the zone size formed by solubilization of inorganic phosphate on Pikovskaya's agar 
plates (Appendix 9). The soluble phosphate released was determined using the method of 
King (1932). In brief, 100 ml of Pikovskaya's liquid medium was inoculated with 0.5 ml 
of culture of strain JS-11. At different time intervals during growth up to 5 days, 10 ml of 
culture was removed and centrifliged at 10,000 rpm for 30 min. Aliquot of 0.4 ml of 
supernatant was mixed with 1 ml of chloromolybdic acid and 150 ^1 chlorostannous acid, 
and the volume adjusted to 5 ml with distilled water. The absorbance of blue color 
developed was read at 600 nm and the amount of phosphate released was determined 
using the calibration curve of KH2PO4. 
2.1.3. Assessment of antimicrobial activity 
The antagonistic ability of the isolates was tested against pathogens. The broth cultures of 
the pathogens (10^ CFUml"') were plated on the surface of Saboured dextrose agar 
(Appendix 10). Test culture at cell density of 10* CFUml"' in LB broth was added to the 
wells (4 mm x 2 mm) cut in the agar plates. The plates were incubated at 30 °C and 37 '^ C 
for the phytopathogen {Fusarium oxysporun) and human pathogen (Candida albicans), 
respectively and examined for the development of zone of inhibition. 
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2.1.4. Qualitative assessment of siderophore production 
For siderophore detection, the strains JS-1 and JS-11 were grown in iron restricted 
minimal medium for 24 h on a rotary shaker at 30 °C. The chrome azurol S (CAS) agar 
assay, described below, was used to detect siderophores. 
2.1.4.1. Chrome azure S (CAS) agar 
The CAS plates were used to check the culture supernatant for the presence of 
siderophore. The CAS assay is the universal chemical assay for the detection of 
siderophores. It is based on the high affinity of siderophores for ferric iron, where by 
ferric iron bound to dye is complexed and released from the dye. The blue color of the 
medium is due to the dye complexed with iron. When siderophore is added, the 
siderophore binds the ferric iron, releasing the free dye, which is orange in color. 
Fe^^-dye (blue) + siderophore Fe^^-siderophore + dye (orange) 
Hence, the presence of siderophore is indicated by a color change from blue to orange. 
The CAS plates were prepared in three separate steps. 
(1) Preparation of CAS indicator solution. 
(2) Preparation of basal agar medium. 
(3) Preparation of CAS agar plates. 
2.1.4.2. Preparation of CAS agar plates and siderophore production 
The autoclaved basal agar medium (Appendix 11) and CAS indicator solution 
(Appendix 12) were cooled to 50 °C in a water bath. Subsequently, 2 ml of the 50% 
glucose solution was added to the basal agar medium with constant stirring, followed by 
10 ml of the CAS indicator solution. The resulting solution (100 ml) was poured into 
sterile plastic plates. Culture supernatant obtained after 24 h of bacterial growth was 
applied to the pre-cut wells in CAS agar and the plates were incubated at 30 *^ C.The 
production of siderophore was confirmed by the presence of an orange halo region. 
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2.1.5. Qualitative assessment of HCNproduction 
Production of HCN was observed according to the method of Bakker and Schipper 
(1987). Briefly, King's B medium (Appendix 13) amended with 4.4 g glycine was 
prepared and poured in disposable Petri plates. The plates were then streaked with the 
cultures of the strains JS-1 and JS-11 were streaked. Sterilized Whatman No.l filter paper 
saturated with 1% solution of picric acid and 2% sodium carbonate was then placed in the 
upper lid of a Petri plate. The plate was then sealed with parafilm and incubated at 30 C 
for 5 days. A change in color of the filter paper from yellow to reddish brown as an 
indication of cynogenic activity was noticed. 
2.1.6. Assessment of PCA production by strain JS-11 
2.1.6.1. Qualitative estimation of PCA 
The bacterial strains JS-1 and JS-11 were grown on LB medium amended with 1.5 
% glucose at 28 °C in a 100 ml conical flask. Supernatant of 3 days old culture was 
obtained by centrifugation and acidified to pH 2.0 with concentrated hydrochloric acid, 
and extracted with equal volumes of benzene. The organic phase was pooled and dried by 
evaporation. The dried residue was dissolved in 0.1 M NaOH and absorbance was read at 
367 nm. 
2.1.6.2. Cross-feeding assay for detection ofN-acyl homoserine lactones (AHLs). 
Agrobacterium tumefaciens A136 (Ti') (pCF218) (pCF372) (Fuqua and Winans, 
1996) was used as an indicator strain for the detection of AHLs production by JS-11. The 
genetic element pCF218 codes for the TraR protein, an AHL-responsive transcription 
factor that recognizes N-3-(oxooctanoyl)-L-homoserine lactone as well as a wide range 
of related AHLs. A TraR-regulated tral-lacZ reporter is carried on pCF372. The indicator 
strain was maintained on LB agar (Appendix 14) supplemented with spectinomycin and 
tetracycline. LB agar plate containing 40 [xi of X-Gal (5-bromo-4-chloro-3-indolyi-D-
galactopyranoside) (20 mgml' stock solutions in DMSO) was used for the cross-feeding 
assays. These assays consisted of streaking the AHL reporter strain, A. tumefaciens A136 
(pCF2l8) (pCF372), on the plate and then streaking the JS-11 culture to be tested 
approximately 1cm distant. If AHLs are produced by JS-11, they will diffuse through the 
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agar and as a result activate tral-lacZ fusion in the reporter strain (Fuqua and Winans, 
1996). 
2.1.6.3. Cloning and sequencing of the hen andphz genes 
2.1.6.3.1. Isolation ofDNA 
Genomic DNA from strains JS-1 and JS-11 were isolated and purified by a 
cetyltrimethylammonium bromide (CTAB) miniprep procedure (Ausubel et al, 1995). 
(See chapter II, section 2.7.4.1). Both the hen and phz genes were PCR amplified using 
gene specific primers (See Chapter II, Table 2). The PCR conditions followed and the 
genetic map of pDrive cloning vector are depicted in Figures 53 and 54, respectively. 
2.1.6.4. Multiple sequence alignments, phylogeny determination and bioinformatic 
analysis of genes and their translated products. 
Phylogenetic relationships of the strains JS-1 and JS-11 on the basis of protein 
coding genes were determined and trees were constructed by neighbour-joining (NJ) 
method (Saitou and Nei, 1987). (See Chapter II, section 2.7.4.12). In silica analysis was 
performed using the standard bioinformatics tools. 
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Figure 53. PCR conditions of the target genes of tiie JS-1 and JS-11 strains. 
Figure 54. Genetic map of the pDrive plasmid cloning vector and cloning site of the 
genes cloned in this study. 
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3. Results 
The present study deals with the assessment of the plant growth promoting activities 
of the butachlor and isoproturon degrading bacterial strains isolated from CFA and 
herbicides butachlor and isoproturon contaminated soil. The strains were found to have 
the intrinsic ability of lAA production, inorganic phosphate solubilization and broad 
spectrum antimicrobial activity for direct and indirect plant growth promotion. The 
experimental data obtained are described below: 
3.1. Plant growth promoting activities of the strains 
3.1.1. lAA production by JS-1 andJS-11 
Investigation of the parameters for plant growth promotion revealed the ability of the 
strains to produce the phytohormone indole acetic acid (lAA). The results shown in 
Figures 55 and 57 clearly indicate the production of substantial amounts of lAA during 
growth in nutrient broth. The cultures of JS-1 and JS-11 reached the stationary phase at a 
cell density of 1.3 x 10^  CFU ml"' and 6.0 x 10^  CFU ml' after 24 h. Prolonged 
incubation of culture up to 4 d does not show any significant reduction in cell viability, 
and a sufficiently large biomass persists in the stationary phase culture even on day 4 of 
incubation. The presence of tryptophan in the medium substantially enhances the lAA 
production. Quantitative assay revealed the production of about 21 and 24.1 ^gml"' of 
lAA in presence of 500 ngml"' of tryptophan by JS-1 and JS-11, respectively, as 
compared to 11 and 12 ng ml"' lAA in medium without tryptophan. The lAA production 
has been found to be enhanced (33.3 ngml"') with the addition of butachlor up to 100 ^ ig 
ml ' in the nutrient broth supplemented with 500 ngml' of tryptophan (Figures 55 and 
57). However, at a concentration of 250 ngml"' and above, the lAA production was 
significantly inhibited (Figure 56). However, with the addition of isoproturon in culture 
medium, a significant inhibition of 64.1% of lAA activity was noticed at 500 ngml ' 
isoproturon vis-a-vis untreated control under in vitro conditions (Figure 58). 
3.1.2. Inorganic phosphate solubilization by JS-1 and JS-11 
The results of inorganic phosphate solubilization in Pikovskaya's medium, as shown 
in the composite Figure 61, clearly indicate the formation of a distinctly clear zone, only 
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Figure 55. Production of indole acetic acid by the strain JS-1. 
The amount of lAA produced by strain JS-1 in nutrient broth 
without tryptophan (•) and supplemented with tryptophan 
250 ngml'' (•) and 500 ngmr'(A).The inset shows the 
absorbance of pink color developed at 530 nm plotted as a 
function of time. 
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Figure 56. Effect of butachlor on lAA production. Panel 
A- represents the amount of lAA produced at increasing 
butachlor concentrations. Panel B- shows the percent 
change in lAA level with respect to the control. 
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Figure 57. Productions of indole acetic acid by the strain JS-
11 .The amount of lAA produced by strain JS-11 in nutrient broth 
without tryptophan (•) and supplemented with tryptophan 250 
figml'' (•) and 500 ^gml"' ( A).The inset shows the absorbance of 
pink color developed at 530 nm plotted as a fiinction of time. 
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Figure 58. Effect of isoproturon on lAA production. Panel 
A- represents the amount of lAA produced at increasing 
isoproturon concentrations. Panel B- shows the percent 
change in lAA level with respect to the control. 
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in case of the strain JS-11, whereas the strain JS-1 has not shown any sign of phosphate 
solubilizing activity. The amount of soluble phosphate released in liquid medium due to 
solubilization of tri-calcium phosphate was determined to be 53.8 ^gml' after 5 d of 
growth (Figure 59). With increase in the extent of phosphate solubilization, a 
concomitant reduction in pH from 7.5 to 4.0 has been noticed. Phosphate solubilizing 
activity of the strain JS-11 was found to be influenced at higher concentrations of 
isoproturon. An estimated 59.2% (p< 0.001) reduction in phosphate solubilization 
occurred at isoproturon concentration of 500 ^gml'', as compared to the control (Figure 
60). 
3.2. Broad spectrum antimicrobial activity of JS-1 and JS-llstrains 
The strains JS-1 and JS-11 were assessed for the broad spectrum antimicrobial 
activity. The strain JS-1 does not show any significant antimicrobial activity. However, 
strain JS-11 exhibited inherent broad spectrum antimicrobial activity against both the 
phytopathogen (Fusarium oxysporum) and human pathogen {Candida albicans) in 
antagonistic bioassay (Figure 61). The bacterial supernatant added to the pre-cut well in 
Saboured dextrose agar formed variable sized zones of inhibition with pathogens after 
24-48 h of incubation. 
3.3. Assessment of inherent traits responsible for antimicrobial activity. 
Assessment of siderophore, hydrogen cyanide (HCN) and phenazine-1-carboxylic 
acid (PCA) production by the strains JS-1 and JS-11 is discussed in the following sections. 
Also, the inherent traits responsible for the antimicrobial activity of the strains JS-1 and JS-
11 were determined. In silica analysis of the hen and phz operons using the full genome 
sequences of Pseudomonas aeruginosa strains (PAOl and UCBPP-PA14) from NCBI 
database helped in understanding the molecular dynamics of the PGP and biocontrol traits 
expressed by the test bacterial strains. 
3.3.1. Siderophore production by JS-1 and JS-11 strains 
The bacterial strains JS-1 and JS-11 produced siderophores, which was validated by 
absorption spectral analysis, ferric chloride test and CAS assay. Appearance of a reddish-
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Figure 59. Assessment of phosphate solubilizing activity of the 
strain JS-11. The amount of soluble phosphate was determined from 
the absorbance data using the calibration curve with KH2PO4 at 600 
nm. The inset shows the pH variation in the Pikovskaya's medium 
during growth of isolates at different time points. 
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Figure 60. Effect of isoproturon on phosphate solubiHzin^ 
activity of strain JS-11. 
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Figure 61. Auxiliary plant growth promoting and biocontrol activities of P. aeruginosa 
strain JS-11. Panel-A reflects the zone of inorganic phosphate solubilized on Pikovskaya's 
agar plate. Panel-B indicates a typical peak at 405 nm characteristic of siderophore (Pvd) 
released from bacterial culture in King's B medium after 72 h; the inset shows the 
siderophore produced (red color zone) on CAS agar plate. Panel-C shows the HCN 
production on King's B medium, where sub-panels are (a) control (without bacteria), (b) 
with bacteria, (c) bacteria in presence of FeCIs; Panel-D shows the antagonistic ability of the 
strain JS-11 against Fusarium oxysporum and Candida albicans on Sabouraud dextrose agar 
by agar diffusion assays. 
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brown zone on CAS plates suggests the positive results for siderophore (Figure 61). 
Eventually, the siderophore produced by strain JS-1 has been identified as hydroxamate-
type, on the basis of the ferric-siderophore complex with absorption maximum between 
420-450 nm (Figure 61B), which is the characteristic of hydroxamate-type siderophores. 
The siderophore produced by strain JS-11 has been identified as pyoverdin (Pvd) on the 
basis of the ferric-siderophore complex with absorption maximum at 405 nm, which is 
the characteristic of Pvd-type siderophores. 
3.3.2. Assessment of HCN production by JS-1 and JS-11 and in-sHico analysis of 
hcnB&C genes 
Screening of the strains JS-1 and JS-11 for HCN production resulted a remarkable 
change in color from yellow to brown against thie control, suggestive of HCN production. 
The effect of iron on HCN production was also evaluated. The level of HCN production 
under low iron condition decreased as compared to higher HCN production in the 
medium fortified with iron (FeCb, 75 ^igml') (Figures 61C, 62). 
Some genetic relationship seems to exist between the ability of Pseudomonads to 
produce HCN and their biocontrol capacity. However, the information on the 
comparative genomics and the structure and function of the genes within hen operon is 
very limited in the literature and, therefore in silica analysis of hen operon revealed the 
molecular dynamics of the indirect PGP activity through biocontrol of phytopathogens. 
The composite Figure 63 show the genetic organization of the operon and the hcnB&C 
amplicon on agarose gel obtained using the standard primers ACa and ACb. The primers 
generated a single product of 587 bp, which was found to be similar in both the strains 
(Figure 63). The partial henB&C genes amplicon of JS-1 and JS-11 strains were 
successfully cloned in plasmid cloning vector. The presence of the desired gene insert in 
recombinant clone was validated through PCR and restriction analysis. The restriction 
digestion of the selected clone with the insert hcnB&C genes suggested the absence of 
internal EcoR I sites (Figure 63).The nucleotide sequence analysis revealed the size of 
hcnB fragment as 148 bp within 1404 bp long henB gene, and hcnC fragment of 437 bp 
withinl251 bp long henC gene. The partial sequences were subjected to both the Blastn 
and Blastp analyses. The nucleotide of hcnB&C genes from strains JS-I and JS-11 
Figure 62. HCN production on King's B medium. (A) control (without bacteria), (B) 
with bacterial strain JS-I. 
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Figure 63. (A) Organization of hen operon and targeted genes in this study; (B) Agarose gel 
electroplioresis of the amplified hcnB&C genes from JS-11 genomic DNA 
Ml and M2- , iX174 Hae IIIDNA molecular weight marker. 
Al- PCR amplified hcnB&C genes (0.58 kb) of the JS-11 strain. 
Rl- EcoRl digested plasmid vector without hcnB&C gene insert. 
R2- EcoRl digested recombinant plasmid vector containing hcnB&C gene insert. 
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showed the highest sequence homology with the other Pseudomonas spp. The hcnh&cC 
genes encoding for hydrogen synthase subunits were also translated into amino acid 
sequences, which were found to be of 46 and 145 amino acids, respectively (Figure 64). 
Comparative amino acid sequence analysis of the HcnB&C proteins showed that the JS-1 
and JS-11 strains shared homologies with strains of Pseudomonas spp. in database 
(Figures 65 and 66). 
Moreover, the nucleotide and amino acid sequences of the strains JS-1 and JS-11 and 
the reference strains from the NCBI database were used to determine the phylogenetic 
relationship. The phylogenetic data revealed the distribution of all HCN^ strains into five 
subgroups, I, II, III, IV and V (Figures 67 and 68). Strains JS-1 and JS-11 showed very 
close evolutionary ties with subgroup IV Pseudomonas aeruginosa PAOl and UCBPP-
PA14 strains. The phylogenetic analysis also established the geographical relationship 
among the HCTNT strains (Figures 67 and 68). 
Secondary structure prediction of HcnB&C proteins of JS-1 and JS-11 strains 
showed that out of 46 amino acids of HcnB, about 8.51% have the propensity towards p 
sheet and the remaining 91.49% falls under loop region (Figure 69). In contrast to HcnB, 
145 amino acids of HcnC have 40.69% propensity towards alpha helix, 21.38% forms (J-
sheet and 37.93 % falls under loop region (Figure 70). Both the strains showed 
secondary structure similarity with the structure of partial HcnB and HcnC proteins of 
Pseudomonas aeruginosa PAOl and UCBPP-PA14 complete genome sequenced strains. 
Domain analysis of HcnC proteins from JS-1 and JS-11 and other reference 
Pseudomonas aeruginosa strains also showed the presence of conserved transmembrane 
domains at regions (7-24aa) and (47-64aa) (Figure 71). 3D-structure based fold 
recognition study of the HcnB protein exhibited 23 to 10% identity and 100 to 75% 
estimated precision with different oxidoreductase (Table 20). Fold recognition search for 
domain identification of HcnC protein also revealed 21 and 85 % identity and 3D 
homology with oxidoreductase. This terminus also showed the 11 to 19% identity and 10 
to 5% estimated precision with different ferredoxin like enzymatic proteins (Table 21). 
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Figure 64. Nucleotide and translated amino acid sequences of the hcnB and 
hcnC of the strain JS-11. The stop codons of hcnB and start codon hcnC are 
depicted in box. 
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Figure 65. ClustalW alignment of HcnB protein amino acid sequence of strain JS-1 and 
JS-1 Iwith reference Pseudomonas spp. strains. 
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Figure 66. ClustalW alignment of HcnC protein amino acid sequence of strain JS-1 
and JS-1 Iwith reference Pseudomonas spp. strains. 
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Figure 69. Predicted secondary structure information of the HcnB 
protein of strain JS-11. 
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Figure 70. Predicted secondary structure information of the HcnC 
protein of strain JS-11. 
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Figure 71. Alignment of amino acid sequences and secondary 
structure of the HcnC protein of strain JS-11. The N-terminal of the 
HcnC protein of JS-U shows the presence of transmembrane 
domains. The 11 key residues (-ft-) of HcnC protein correspond to the 
sequence fingerprint of the ADP-binding fold (Wierenga et al, 1986). 
Table 20. 3D-fold recognition ranking and alignments of the HcnB protein of strain JS-11. 
Estimated Kold/PDB 
SCOPCodc Precision descriptor Superfamily 
Famiiv Models 
cly56A 
(lengtli:493) 85 % oxidoreductase 
2 1 % Ld. 
hypothetical protein 
phi363; 
Iciyslal structure of l-prolinc 
I dehydrogenase from2 p.horikoshii 
d2nef 
(length: 136) 10% 
17% Ld. 
Regulatory factor 
Nef 
Reaulaton factor Xef Regulatory factor Nef 
dluj6a2 
(length:74) 5 % Fenedoxin-like 
19% Ld. 
D-ribosc-5-phosphatc 
isonierasc (RpiAi. lid 
domain 
)-rilK)se-5-phospliaie isomerase 
^RpiA), lid domain 
dihyoal 
(length: 118) 5 % SH3-like barrel 
11% Ld. 
c2oc6A 
(length; 124) 
n%Ld. 
dllk5a2 
(length;80) 
11% Ld. 
•uniarv lacctoacctat 
hxdrolaseJAIlA-
temiinal domain 
5% structural genomics,! 
unknown function 
5 % Ferredoxin-like 
D-ribosc-5-phosphalc 
isomerase (RpiAi. lid 
domain 
|Fumap.lacctoacctate hydrola.sc, l Al I 
>J-tcm)inal domain 
JcTiSlal sinicturc ol'n proiein ol 
mkiiown function from2 cog5646 
family (np_388456.1) from bacillus 
Subtilis at3 1.75 a resolution 
'-ribose-5-phosphate isomerase 
^piA), lid domain 
1 
dlo8ba2 
(length:72) 
15%i .d . 
d 1 m0sa2 
(length:72) 
13% i.d. 
c2ckcA 
(length 80) 
26% i.d. 
5 % 
5 % 
0 % 
Fenedoxin-like 
Ferredoxin-like 
Hyd rolase 
U-ribosc-5-plui^pliatc 
isomerase (RpiA). IKI 
diimain 
D-nboM.'-5-pho>phiilo 
isomerase (RpiA). lid 
domain 
chromouoiTiiiiii-holiciisc-
dna-bindniti protein 7. J 
^p)-ribose-5-phosphate isomerase 
H ( R p i A ) , lid domam 
^HD-ribose-5-phospliatc isomera-c 
H ( R p i A ) . lid domain 
Hsolu t ion slriictures ol'lhc hrk 
Hdomams of the human chronuO 
^Hielicasc domain 7 and 8. reveals 
^fetructural similarUy3 w i t h g \ f 
^•domain suggesting a role in 
protein interaction 
% 
Q 
^ 
O 
^ / 
\ > 
Table 21. 3D-fold recognition ranking and alignments of the HcnC protein of strain JS-11. 
SCOP Code 
dlng4al 
0ength:277) 
23% Ld. 
clng3A 
(length:390) 
23% Ld. 
c2gagB 
(length:405) 
12% Ld. 
cly56B 
(length;382) 
12% Ld. 
dlpj5a2 
(length:306) 
11% Ld. 
dlel5al 
(length:282) 
12% Ld. 
Estimated 
Precision Fold/PDB descriptor Superfamily Family Models 
100% FAD/NAD(P)-
binding domain 
FAD/NAD(P)-
bindins domain 
l'Al)-!mkcd reductases, N-
Icniiinnl iknnain 
100% oxidoreductase aKcine oxidase; complex ofthio (glycine 
o\idcLse)\vilh acetyl-glycine 
95 % oxidoieducta:^ 
heterotetranienc 
sareosine oxidase 
beta-subunil; 
heterotettTdmeric sareosine: 
structureol'a dillavin2 
mctalocnzyme at 1.85 ;i 
i resolution 
95 % oxidoreductase sareosine oxidase: 
crystal stniclure ol'l-prolmc 
j dehydrogenase rrom2 
I p.honkoshii 
95% FAD/NAD(P)-
binding domain 
FAl)/MAU(P>-
bindinc domain 
I'AD-linkcd reductases. N-
' temiinal domain 
95% FAD/NAD(P)-binding domain 
FAD/NAD(P)-
bind ins domain 
FAD-linked reductases, N-
temiinal domain 
clpjSA 
(length:830) 
12% Ld. 
c2oloA 
(length:397) 
17Vold. 
clzovA 
(length:386) 
10% td. 
95% oxidoieductasi 
ii.n-diiuclliN IgKciric 
iixida-iL'; 
9 5 % oxidoreductase mkd proiciii. 
95% oxidoreductase moiHirnonc 
surtosiiK- ll^lda^c; 
cr\stal structure of 
Uinicth) lgl\ cine oxidase oH 
arthrobacter globiformis in 
complex with acetate 
nikd.an unusual amino acid 
oxidase essential ror2 
nikkomycin biosynthesis: open 
form at 1.9a resolution 
crystal structure of monomeric 
sarcosine oxidase froiti2 
bacillus sp, ns-129 
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3.3.3. Assessment of phemzine-l-carboxylic acid (PCA) production and in silica 
analysis ofphzC&D genes 
The strains JS-1 and JS-11 were assessed for the capability of producing phenazine 
compounds for the observed antimicrobial activity as reported in the section 3.3. The 
results showed that JS-11 is a good PCA producer, whereas the strain JS-1 does not 
exhibit any phenazine synthesis. PCA production by the strain JS-11 was monitored at 
different time points in LB medium amended with 1.5% glucose. Figure 72 shows that 
the production started at the late exponential phase after a critical cell mass was attained 
and reached to its maximum after 12 h of incubation, maintaining the plateau region 
during the stationary phase. The PCA was quantitated spectrophotometrically and the 
absorbance of yellow color developed was measured at 367 nm in benzene extract of the 
culture (Figure 73). The extract was also analysed by HPLC using C-18 Novapak (5^m) 
column with a mobile phase of acetonitrile: water (70:30) at 254 nm, and the peak of 
PCA at a retention time of 9.6 is shown in Figure 74. Standardization of culture 
conditions for controlled PCA production will lead to a better understanding of regulation 
of the biosynthesis of this secondary metabolites. It will also be important in view of 
optimizing the biocontrol activity of the strain under field conditions. Therefore, the 
modulation of PCA production by abiotic factors was also investigated. The effect of 
various carbon sources viz. glucose, sucrose, fructose, lactose and citric acid on PCA 
production in minimal salt medium supplemented with 0.5 mM and 1.0 mM each of 
carbon sources showed the highest PCA production in presence of glucose and fructose. 
The lactose and sucrose moderately supported the PCA production. However, no growth 
of strain JS-11 occurred in the medium containing citric acid (Figure 75). 
The PCA was also severely influenced by the change in pH and temperature of the 
growth conditions. Maximum PCA synthesis occurred under acidic condition between 
pH 6.0 to pH 6.5. However, a gradual reduction in the amount of PCA was noticed from 
pH 7.0 up to 8.0, which further increased in alkaline range and become stable at pH 9.0, 
as shown in Figure 76. The PCA production by strain JS-11 also exhibited temperature 
dependence. The bacteria grown at different temperatures showed a sharp increase in the 
amount of PCA between 32-37 °C (Figure 77). The change in color of culture 
supernatant from yellow to green as the temperature increased, possibly due to 
10 20 30 40 50 
Time of incubation (h) 
Figure 72. PCA production by strain JS-11 as a function of 
time. Cells were grown on LB medium amended with glucose. 
Amount of PCA and bacterial density were determined by UV-
visible spectrophotometer. 
Figure 73. Flasks depicting culture supernatant and PCA. (A) Culture supernatant 
of bacterial strain JS-11; (B) PCA obtained from benzene extract of culture 
supernatant. 
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Figure 74. HPLC spectra of phenazine-lcarboxilic acid produced by Pseudomonas 
aeruginosa strain JS-11. 
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Figure 75. Effect of various carbon sources on PCA 
production by strain JS-11. 
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Figure 77. Effect of temperature on PCA 
production by strain JS-11. 
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accumulation of pyocyanin, is shown in Figure 78. Also, the relationship between 
ZnS04 and PCA production at varying concentrations of ZnS04 up to 55 \igm\ is shown 
in Figure 79. The results exhibited ZnS04 stimulation of PCA with maximum production 
at concentration of 45 ^igmf'. Moreover, beyond a threshold limit, a significant reduction 
in PCA production was noticed. The PCA level was also found to increase substantially 
in M9 medium supplemented with amino acids like casamino acid, histidine, glycine, and 
tryptophan, as compared to control (Figure 80). The bacterial strain JS-11 was also 
screened for AHL production using cross-feeding test. Incubation of JS-11 in the 
presence of a reporter strain, A. tumefaciens A136 [(Ti) (pCF218) (pCF372)], produced 
blue color due to hydrolysis of chromogeneic substrate X-gal in the bioassay medium 
upon expression of the lacZ reporter gene. The genetic element pCF 218 codes for TraR 
protein (AHL responsive transcription factor that recognized wide range of related 
AHLs) and TraR regulated tral-lacZ fused reporter are carried on pCF372. A positive 
reaction was recorded for the strain JS-11 (Figure 81). 
The presence of the genetic elements imparting the inherent capability of producing 
PCA has been analyzed using the molecular and bioinformatics tools. Existence of phz 
operon in strain JS-11 was demonstrated by the targeting/?AzC&D genes. These genes 
were PCR amplified by gene specific primers, which yielded an amplicon of 1405bp 
(Figure 82). The amplicon was successfully cloned in plasmid cloning vector and 
presence of desired gene insert in recombinant clones was verified through PCR and 
restriction analysis. The restriction digestion of clone with the insert of phzC&D genes 
suggested the absence of internal EcoR I sites. The positive clone was sequenced, and 
Blast analysis performed. The phzC&D genes of strain JS-11 showed the highest 
sequence homology with the other Pseudomonas aeruginosa strains reported in NCBI 
database. The sequenced phzC&D genes were translated into amino acid sequences, 
which were found to be of 274 and 207 amino acids in length, respectively (Figures 83 
and 84). Comparative nucleotide (phzC&D) and amino acid (PhzC&D) sequences based 
on clustalW alignment showed that the strain JS-11 shared variable identities with 
reference Pseudomonas aeruginosa strains. The phzCScD genes of the strain JS-11 were 
found identical in length and in term of their deduced amino acid sequences in 
comparison with Pseudomonas aeruginosa strains with its complete genome sequenced. 
Figure 78. Temperature dependent increase in the color intensity of the 
culture media due to PC A synthesis by strain JS-11. 
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Figure 79. ElEfect of ZnS04 on PCA production by strain JS-ll. 
s 
c 
5 2.0 
03 
-f 1.0 -
CO 
^ 0.5 
w ^ » 3 . - ^ V ^ .«l9' 
'V^  
Figure 80. Effect of amino acids (ImM) on PC A 
production by strain JS-11. 
Figure 81. The cross-feeding assay exhibiting the production of AHL by 
strain JS-11. The blue color developed indicate the expression of p 
galactosidase activity with the reporter strain, A. tumificience A136.The 
strain SBJ-1357, NJ-!5 and NJ-IOl are the isolates from our laboratory. 
JS-11 is the test strain used in this study. 
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t . t 
Figure 82 (A); Organization ofphz operon of the JS-11 and genes targeted in this 
study; (B) Agarose gel electrophoresis of the amplified phzC&D genes from JS-
11 genomic DNA 
Ml and M2- 3X174 Hae III DNA molecular weight marker. 
Al- PCR amplified phzC«&D genes (1.4 kb) of the JS-11 strain. 
A2- PCR amplified phzS&9 genes (1.5 kb) of the JS-11 strain. 
A3- PCR amplified phzD&E genes(l .48 kb) of the JS-11 strain. 
Rl, R2 and R3- EcoRl digested recombinant plasmids containing phz gene 
inserts. 
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Figure 83. Nucleotide and translated amino acid sequences ofthephzC gene of 
the strain JS-11. The stop codon ofphzC is shown in a box. 
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Figure 84, Nucleotide and translated amino acid sequences of the phzD gene 
of the strain JS-11. The stop and start codons ofphzD is shown in a box. 
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However, the variability and divergence were noticed both at species and genus levels 
(Figures 85 and 86). 
The PhzC&D amino acid sequences of the strain JS-11 and reference strains from the 
NCBI database were used to determine the phylogenetic relationship. The phylogenetic 
data has arranged the strains into different groups (Figures 87 and 88). The data revealed 
a very close evolutionary relationship of strain JS-11 with the Pseudomonas aeruginosa 
PAOl and UCBPP-PA14 strains. The results showed that the PhzC«feD proteins do have 
to some extent the geographical relationship with the reference strains falling in the same 
group. 
Secondary structure predictions of PhzC&D gene products of JS-11 strain have also 
been performed. The 274 amino acids of PhzC exhibit 45.62% propensity towards a 
helix, 10% extended and the remaining 44.16% falls under loop region (Figure 89). In 
contrast to PhzC, the PhzD protein of 207 amino acids contributes 51.21 % towards a 
helix, 13.83 % extended strand and 35.27 % falls under loop region (Figure 90). The 
conserved domains search of PhzC protein showed similarity with the structure of 
enzyme (3-deoxy-D-arabino-heptulosonate 7-phosphate synthase) from Mycobacterium 
tuberculosis [gi 82408028PDB 2B70 (MMDB 35706)] (Figures 91 and 92). The protein 
PhzD showed similarity with the enzyme (2, 3 dihydro2,3-dihyroxybenzoate synthase) 
from Pseudomonas aeruginosa PAOl (Figures 93 and 94). The 3D structure based fold 
recognition study of the PhzD protein exhibited 13% to 100% identity and 100% 
estimated precision with different hydrolases. Interestingly, the isochorismatase-like 
hydrolases of strain JS-U also showed structural homologies with eukaryotic hydrolases 
(yeast and Caenorhabditis elegans) (Table 22). 3D structure of PhzD of JS-11 was 
constructed by homology modeling using X-ray crystallographic structure from PDB: 
lnf9 as a template. The description of the template crystal structure of PhzD protein from 
Pseudomonas aeruginosa used for comparative modeling of PhzD protein of JS-11, and 
there sequence alignments are shown in Figure 95. The 3D model for PhzD of strain JS-
11 was constructed and verified. The helices, strands and turns as well as the functional 
sites are shown in Figure 96. The Ramachandran plot of phzD protein structure showed 
82.36% of residues in most favoured regions. 16.696% residue in add-tional allowed 
region and no residue out of a total 207 in disallowed region (Figures 97A and B). 
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Figure 85. ClustalW alignment of PhzC protein amino acid sequence of strain JS-11 with 
reference strains of Pseudomonas spp. and other genera. 

JS-11 
NJ-10 
NJ-101 
NJ-15 
gi 115597099 
gi184321368 
gi I 84327739 
gi 110710133 
giU1605225 
giI 33357449 
gi|2232286| 
giI 94416384 
gi|2497452 
gi|1050309 
gil1586501 
giI 2497453 
gi|10450ie 
gil62083804 
gi|6572981P 
gi|78062419 
gil68229023 
>gi|1184169 
gil30262376 
gil47527666 
gil49185216 
gil65319667 
gil30020437 
gi|47565727 
gi|49477644 
gil52143108 
gi|42781464 
gil42737386 
gi|89205491 
gi|17988423 
gil62316974 
gil83268969 
gil15619028 
gil75762908 
gi|23499781 
gil89199774 
gi|23491573 
gil77974178 
gi111807033 
gil34496938 
gi|10875975 
gil16080250 
gil11693021 
gi|837333is 
Figure 86. ClutalW alignment of PhzD protein amino acid sequence of strain JS-11 with 
reference strains of Pseudomonas spp. and other genera. 
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Figure 89. Predicted secondary structure data of the PhzC protein of strain JS-11. 
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Figure 90. Predicted secondary structure data of the PhzD protein of strain JS-11. 
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Figure 91. CDART showing the presence of 3-deoxy-D-arabino-heptulosonate 7-
phosphate synthase conserved domain in the strain JS-11. The PhzC of the strain JS-11 
exhibited the homology and alignment with super family DAPH synthase. 
Figure 92. In silico domain analysis of phzC protein of strain JS-11. The domain exhibited 
highest homology with 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase from 
Mycobacterium tuberculosis [gi 82408028PDB 2B70 (MMDB 35706)]. 
(A) Complete domains present in the 3-Deoxy-D-Arabino-Heptulosonate 7- Phosphate 
Synthase. 
(B) Domain alignment with PhzC protein of strain JS-11. 
(C) Unaligned residues in the 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase domain. 
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Figure 93. CDART showing the presence of 2,3 dihydro2,3-dihyroxybenzoate synthase 
conserved domain in the strain JS-11. The PhzD of the strain JS-11 exhibited the 
homology and alignment with super family cysteine hydrolases. 
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Figure 94. In silico domain analysis oiphzD protein of strain JS-11. The domain exhibited 
highest homology with the structure of 2,3 dihydro2,3-dihyroxybenzoate synthase from 
Pseudomonas aeruginosa PAOl [gi 82408028PDB 2B70 (MMDB 35706)]. 
(A) Complete domains present in the 2,3 dihydro2,3-dihyroxybenzoate synthase. 
(B) Domain alignment with PhzC protein of strain JS-11. 
(C) Unaligned residues in the 2,3 dihydro2,3-dihyroxybenzoate synthase domain. 
Table 22. 3D-fold recognition ranking and alignments of the PhzD protein of strain JS-11. 
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Biochemistry 42: 5684-5693 
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Figure 95. (A) The template X-ray crystallographic structure used for the comparative 
modeling of PhzD protein of strain JS-11. (B); Alignment of the amino acid sequences of 
template and the PhzD protein of strain JS-11. 
Figure 96. (A) The 3D model of the Isochorismatase hydrolase enzyme (PhzD protein) 
encoded by phzD gene of strain JS-11 constructed by molecular modeling. The model 
shows the helices, strands and turns (10, 6 and 18) using pink, yellow and blue, 
respectively. 
(B) The functional site with in Isochorismatase hydrolase enzyme of strain JS-11 (green 
and yellow balls) are shown in the 3D model. 
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Figure 97(A). Ramachandran plot of the PhzD amino acid sequences of the 
JS-11 strain. 
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Figure 97(B). Residues analysis of the 3D PhzD protein model of JS-11 strain. 
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4. Discussion 
The bacterial strains JS-1 and JS-11 isolated from the rhizosphere soil have exhibited 
multifarious biological activities besides herbicides degradation, as discussed in the 
chapter V. Both the strains showed auxiliary activities in terms of producing significant 
amounts of plant growth hormone (lAA), an iron chelator siderophore and HCN. 
Additionally, the strain JS-Il exhibited phosphate solubilization and released substantial 
amount of PCA in the growth medium. The data revealed significant production of lAA 
by the bacterial strains in stationary phase of the cultures. These results concur with the 
earlier observations, where lAA production has been reported in stationary phase, of the 
culture (Garcia et al., 2001; Bano and Musarrat, 2003, 2004) due to delayed induction of a 
key enzyme of lAA biosynthesis pathway (Oberhansli et al., 1991). The lAA synthesis 
was greatly stimulated in presence of 500 ngml"' of tryptophan, which is a precursor in 
lAA biosynthesis pathway (Martens and Franken-Berger, 1993). Enhanced lAA 
production in presence of tryptophan has also been reported earlier and, therefore, 
supports our observations (Bano and Musarrat, 2004; Zaidi et al., 2006). Indeed, the 
tryptophan side chain oxidase involved in the main pathway for lAA biosynthesis is 
expressed in cell during stationary phase (Oberhansli et al., 1991). Several beneficial 
microorganism viz. Alcaligenes faecalis (Kobayashi et al., 1993), Klebsiella (Haahtela et 
al., 1990), Enterohacter cloacae (Koga et al., 1991), Pseudomonas and Xanthomonas 
(Fett et al., 1987) Rhizobium (Emstsei et al., 1987) and Bradyrhizobium (Sekine et al, 
1988) do produce lAA in the culture medium. It is interesting to investigate the lAA 
production by bacteria, not only because of the physiological effects that this 
phytohormone exert on the plants, but also in view of its possible role in plant-bacterial 
interactions. There are evidence that the application of tryptophan to rhizosphere stimulate 
the vegetative growth of com. This effect has been ascribed to the conversion of 
tryptophan to lAA by rhizospheric bacteria (Oberhansli et al, 1991). The lAA producing 
microorganisms also increases the production of plant metabolites, which they utilize for 
their own growth (Gaudin et al, 1994). Several bacteria with combined biodegradation 
activity and plant growth potential are knov/n to secrete lAA into culture media, and have 
shown to stimulate plant growth (Barbieri el al, 1986; Bano and M-Jsarrat, 2003, 2004). 
Such strains possessing multifarious biological traits could simultaneously perform 
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herbicide degradation and plant growth promotion by lowering down the herbicide level 
in soil, which otherwise at higher concentrations have shown to exert inhibitory effect on 
lAA synthesis (Madhaiyan et al, 2006; Ahemad et al., 2010). Our data also suggested 
inhibition of lAA activity by 25.5 % and 64.6 % at 500 ngml"' concentration of butachlor 
and isoroturon, respectively. In view of these observations, the importance of our strains 
performing multiple tasks simultaneously is strongly realized for field applications. 
Significant solubilization of tri-calcium phosphate by the strain JS-11 in 
Pikovskaya's medium clearly indicated their significance in plant growth promotion. It is 
well established that a large portion of inorganic phosphates applied to soil as fertilizer is 
rapidly immobilized after application and becomes unavailable to plants (Yadav and 
Dadarwal, 1997). Indeed, the solubilization of immobilized soil phosphorus and applied 
phosphates is facilitated by soil microflora, resulting in higher crop yield. Particularly, the 
Pseudomonas and Bacillus species are well recognized for phosphate solubilization in soil 
(Gaur and Gaind, 1983; Musarrat et al, 2000; Bano and Musarrat, 2003). The strain JS-
11, a Pseudomonas aeruginosa, showed significant phosphate solubilization with 
concomitant acid production in Pikovskaya's medium. The extent of phosphate 
solubilization also showed a positive correlation with change in pH of the medium. Earlier 
studies have demonstrated the decrease in medium pH during phosphate solubilization 
(Donner et al., 1993; Duplessis et al, 1985). In general, the increase in growth of the 
bacterial strains in liquid medium has been observed with concomitant reduction in pH of 
the medium due to acid production. The relationship of decrease in pH of the culture 
medium with phosphate solubilization is well-established (Donner el al, 1993). The 
production of organic and inorganic acids by phosphate solubilizing microorganisms and 
their role in effective solubilization of inorganic phosphates in soil has been reported 
(Pareek and Gaur, 1973; Bano and Musarrat, 2003). The demonstrated phosphate 
solubilizing ability clearly suggests the plant growth promoting potential of the strain and 
offers the opportunities of exploiting the strain JS-11 as a potential inoculant. Phosphate 
solubilizing microorganisms (PSMs) have long been used for developing sustainable 
phosphate fertilizers for commercial applications (Kucey et al, 1989; Goldstein, 1986; 
Richardson, 1994). This study has also demonstrated the inhibition of phosphate 
solubilization at higher concentrations of herbicide isoproturon, which corresponds well 
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with the observations of Madhaiyan et al. (2006), who have reported that herbicides 
inhibit the phosphate solubilization activity of microorganisms. 
Moreover, the production of siderophores by the strains JS-1 and JS-11 also 
suggested their biocontrol potential. Certain PGPRs produce siderophores, which 
efficiently forms complex with environmental iron, making it less available to certain 
native microflora and retard their growth (Neiland, 1980). The role of siderophores in the 
biocontrol of soil borne phytopathogens is well documented (Leong, 1986). These low 
molecular weight biomolecules are known to act as growth factors, and also exhibits 
potent antimicrobial activity (Neiland, 1981). Pseudomonas strains producing siderophore 
have shown to increase the crop yield (Sharma et al., 2003) and also exhibit the disease 
suppression ability. The siderophore producing Pseudomonas strains GRP3 have been 
shown to influence iron acquisition in mungbean resulting in significant yield increase 
(Sharma et ah, 2003). Enhanced plant growth caused by these strains often accompanied 
by reduction in the population of fiingi and other bacteria on the roots. These observations 
corroborate with our findings demonstrating the multifarious role of our bacterial strains. 
Furthermore, the strains also demonstrated significant cyanogenic activity. The amino 
acid glycine acts as a metabolic precursor and stimulated HCN production in strains JS-1 
and JS-11. Defago et al. (1990) and Voisard et al. (1989) reported that HCN is beneficial 
to biological control. The biocontrol activity of our degrader strains has been fiarther 
validated by clear cut antagonistic effect of strains JS-11 on pathogenic fungi. However, 
being a weak HCN and siderophore producer, the strain JS-1 has not exhibited detectable 
antimicrobial activity. The HCN regarded as an important trait for biocontrol of 
phytopathogenic fiingi (Voisard et al, 1989). Indeed, Sharifi-Tehrani et al. (1998) showed 
that HCK*" biocontrol pseudomonads are more efficient than their HCN~ counterparts 
against Fusarium crown and root rot of tomato and Pythium damping-off of cucumber. 
Moreover, correlations occur between HCN production invitro and biocontrol ability of 
the strains in plants in two pathosystems (Ramette et al., 2003). 
The enzyme HCN synthase, catalyses the formation of HCN and CO2 from glycine, a 
membrane-bound flavoprotein (Wissing and Andersen, 1981). Although, the three 
structural genes {hcnA, hcuB, and hcnC) encoding HOI synthase are reported for the 
strains P. aeruginosa PAOl (Pessi and Haas, 2000) and fluorescent Pseudomonas sp. 
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strain CHAO (Laville et al, 1998), little is known about the polymorphism of these genes. 
It is speculated that there is a link between HCN synthase characteristics and HCN 
production (Ramette et al, 2001). Also, a relationship exists between the ability of 
biocontrol pseudomonads to produce HCN and their biocontrol capacity (Sharifi-Tehrani 
et al, 1998; Ellis et al, 2000), but not much has been done to understand the functionality 
of the hen structural genes. Therefore, in this study the in silico functional analysis of the 
partial /icnB&C genes has been carried out. Comparative analysis of hcnB&£ partial 
sequence with reference strains from NCBl data base revealed a conserved Shine-
Dalgamo motif with identical sequences and position of the start codon, which suggest the 
possibility of identical translation patterns. The results indicated that the two partial 
sequences correspond to the two main subunits of the HCN synthase. The partial 
sequences of /ic«B&C have been found to be conserved structurally/functionally, due to 
conserved features noticed, such as the transmembrane region and the essential ADP 
binding fold carriers (Laville et al, 1998). No essential fijnction has yet been reported for 
the C-terminal parts of HcnB and HcnC, whereas it is known that the N-terminal parts of 
both proteins display identical features important for cyanogenesis (Laville et al, 1998; 
Blumer and Haas, 2000). The hcnC sequences exhibits lower levels of total nucleotide 
diversity and synonymous substitutions as compared with partial hcnB. This reflects the 
existence of more substitutional constraints (i.e., less variation) for the essential N-
terminal part of HcnC. However, other hen sequences that are implicated in the regulation 
of HCN synthesis are not included in this work and hence not discussed. The molecular 
dynamics of biocontrol (HCN production trait) activity based on hen genes sequence data 
and in silico analysis suggested the possibility of lateral transfer of hen operon in 
Stenotrophomonas aeidaminiphila strain JS-1 from Pseudomonas aeruginosa in natural 
environment. 
The strain JS-11 has produced significant amount of PCA under in vitro conditions. 
Understanding of the factors controlling PCA synthesis will lead to a better perception of 
the regulation of the biosynthesis of this secondary metabolite. The data revealed that the 
PCA production starts at the end of the exponential phase and progresses until the cells 
reached the stationary phase. These results concur v,'i^ h the earlier obser/ations indicating 
the induction of PCA in stationary phase of culture (Mavrodi et al, 1998), probably due to 
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the late induction of phz genes encoding the key enzymes involved in PCA biosynthesis 
pathway. The data on carbon source utilization revealed that the glucose and fructose 
stimulated the PCA synthesis to a higher extent followed by lactose and sucrose. This 
corroborate well with the earlier report indicating that the PCA produced by P. 
fluorescens 2-79 (Slininger and Shea-Wilbur, 1995) and PCN by P. aeruginosa (Kanner et 
al, 1978) are stimulated by glucose. The PCA production was also found to be influenced 
by pH of growth medium. The optimum production PCA by JS-11 was noticed between 
pH 6.0 to 7.0 at 37 °C in presence of ZnS04. Since, the PCA production is differently 
regulated in various Pseudomonas spp, the results obtained with other strains are difficult 
to compare with our strain because of difference in culture conditions. Chin-A-Woeng et 
al. (1998) have suggested that pH affects the activity of the antimicrobial metabolites, and 
reported higher in vitro antifungal activity of PCA and PCN at pH 5.7. However, under 
more acidic condition the PCA production has been found to be completely abolished. 
This could be due to the repression of the phz operon. This observation is in accordance 
with earlier studies demonstrating the inhibition of the PCA production under more acidic 
conditions (Ownley et al, 2003). Moreover, the biocontrol by P. fluorescens 2-79 against 
take-all of wheat is reportedly caused by Gaeumannomyces graminis var. tritici increases 
with an increasing pH (Ownley et al., 1992). 
Similarly, the mineral effects on PCA production suggested the association between 
soil properties and the performance of biocontrol strains in field. The data on the 
relationship between ZnS04 concentration and PCA production by JS-11 suggested the 
stimulatory effect of ZnS04. The relationship of ZnS04 with the antimicrobial metabolites 
production and their activity is well recognized. Ownley et al. (1991) reported a positive 
correlation between ZnS04 content in soil and the biocontrol activity of Pfluorescens 2-
79. Also, the zinc stimulated production of PCA as primary biocontrol determinant in 
strain 2-79 and in CHAO strain is reported in the naturally disease suppressive soils. 
CHAO is not effective when added to disease conducive soils that contain low amount of 
zinc (Defago and Haas, 1990; Slininger and Jackson, 1992). 
Development of a critical biomass of bacterial cells also referred as quorum sensing 
(QS) is a very important process for expression of the optimal auxiliary biological 
activities. The additional activities performed by the strain JS-11 also involve the QS 
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pathway for PCA production. This is proven by the release of signaling molecule A'-acyi 
homoserine lactone (AHL) in cross-feeding experiment, which clearly suggested the role 
of QS system in the regulation oiphz operon responsible for synthesis of PCA in strain 
JS-U. The relationship of QS signals with the PCA production is well recognized (van Rij 
et al., 2004). The reporter strain used in the cross-feeding assay has the ability to detect A^ -
3-(oxooctanoyl)-L-homoserine lactone and a range of its analogues (Fuqua and Winans, 
1996). Previous studies have shown that P. aeruginosa produces A^-3-(oxododecanoyl)-L-
homoserine lactone and Ar-(butyryl)-L-homoserine lactone and that these quorum sensors 
are required for the expression of the genes responsible for phenazines (Passador et al. 
1993). The data supported the earlier observations on QS signaling in the plant growth-
promoting and biocontrol bacteria such as Pseudomonas aeruginosa, Pseudomonas 
aureofaciens, Pseudomonas putida and Pseudomonas fluorescens is well known (Pierson 
and Thomashow, 1992; Chin-A-Woeng etai, 2001; Whitehead etal., 2001). 
Computational analysis of the protein coding genes hcnB&C and phzC&D involved 
in the molecular dynamics of the strain JS-11, with respect to the indirect plant growth 
promotion through biocontrol, provided the detailed molecular evolutionary and 
phylogenetic information. Also, the in silico structural and functional analysis of the 
HcnB&C and PhzC&D proteins provided the important information on the extent of their 
distribution and conservation in various microorganisms. Although, the phylogenetic data 
based on 16SrDNA has already been discussed in Chapter V, additional phylogenetic 
analysis has been performed using protein coding genes. It has been suggested that 
16SrDNA is under stringent functional constraints (Woese, 1987), however, partial 
replacements in rrn gene may result in the formation of mosaic sequences, thereby leading 
to a wrong organisms phylogeny in certain cases (Yap et al, 1999; Wang and Zhang, 
2000). Therefore, a composite approach is adopted in this study, which appears to be 
appropriate and inore robust then the 16SrDNA based species phylogeny. Indeed, the 
genetic relatedness study based on protein coding hen andphz operons has yielded similar 
information as obtained by I6SrDNA, and confirmed the identity of the strains JS-11. 
The HCN and PCA production is an inherent trait present in strain JS-11. Such traits 
are reported in strains of deleterious pse'jdomonads (pathogenic to plants or animals). 
Interestingly, PCA^ and HCN^ biocontrol strains were also found clustered with 
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phytopathogenic pseudomonads such as P. syringae, P. brassicacearum, and P. 
corrugata. This suggests a partial overlap of their ecological habitats, and the incomplete 
assessment of their biocontrol and pathogenic activity on different host plants, in case of 
strain JS-1, the phylogeny based on the 16SrDNA and hcnB&C were found to be partly 
incongruent. This may be due to genomic rearrangements or recombination and/or the 
occurrence of lateral gene transfer. Lateral gene transfer events can lead to a distorted 
history between the ribosomal and protein coding genes (Ochman et al, 2000). However, 
for biocontrol pseudomonads that produce both HCN and Phi, cluster analyses of 
biosynthetic genes hcrB&C and/?/j/D (Ramette et al, 2001; Wang et al, 2001) indicated 
that their phylogeny is not only congruent with each other but also very similar to the 
dendrograms based on randomly amplified polymorphic DNA (Keel et al, 1996) and 
repetitive sequence-based PCR data (Mavrodi et al, 2001). Thus, the phylogenetic 
analysis based on phzC&D in JS-11 revealed that the phz operon of pseudomonads and 
other bacterial spp. mentioned in phylogenetic tree share ancestral relations with 
actinomycetes. 
The phylogenetic data based nucleotide and amino acid sequences of PCA and HCN 
suggested the distribution of producers into five distinct groups, in comparison to the 
earlier reported four groups for HCN producers by Ramette et al (2003). The PCA and 
HCN groups labeled as I-V are formed by different ecologically adapted populations of 
pseudomonads. The additional group V in this study encompasses JS-11, NJ-101, JS-1, 
PAOl, WFPll, UCBPP-PA14 strains. The nucleotide and amino acid sequences of the 
members of this group exhibited very high degree of sequence homology and none of 
them showed significant homology with the strains from group Hcn-1 to Hcn-4, reported 
by Ramette et al (2003). Interestingly, Ramette et al (2003) showed that the group Hcn-4 
strains produced less HCN and displayed the highest strain to strain variation in HCN 
production and the highest DNA diversity for both hcnB and hcnC data sets. Thus, it is 
suggested that the differences in hcnBC sequences may correlate with HCN synthesis and 
influence the molecular dynamics of the HCN production. Till date nothing is known 
about PCA and HCN production by bacteria in their natural environment (i.e., the 
rhizosphere), as direct PCA and HCN measurements in situ remain a major technical 
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issue. Thus, the information on the PCA producing bacterial grouping and correlation of 
sequence diversity with PCA production efficacy could be relevant in this context. 
Further investigation of the conserved domains of PhzC proteins from Pseudomonas 
aeruginosa strain JS-11 revealed its similarity with the structure of enzyme 3-deoxy-D-
arabino-heptulosonate 7-phosphate synthase from Mycobacterium tuberculosis. However, 
the conserved domain search of PhzD protein of the strain JS-11 revealed its similarity 
with the structure of enzyme 2,3 dihydro2,3-dihyroxybenzoate synthase from 
Pseudomonas aeruginosa PAOl. Therefore, the data suggested a strong evolutionary link 
between the Gram -positive and negative bacteria possessing PCA producing ability. The 
molecular modeling of complete isochorismatase hydrolase enzyme, PhzD protein of 
207aa, encoded by phzD gene of strain JS-11 revealed the highly conserved nature of the 
protein within the bacterial strains of group Pseudomonas aeruginosa. The conserved 
structure of the protein among the Pseudomonas aeruginosa suggests its role in extending 
the fitness of the PCA producers in different ecological niches, and most likely to provide 
better biocontrol activity under varying agroclimatic conditions. However, a comparative 
study with a wider range of microorganisms based on Hen and Phz protein fold 
recognition analysis revealed significant heterogeneity or polymorphism. In spite of the 
non conserved nature of the Hen and Phz protein structures, there are conserved domains 
present, which most likely help in performing the similar functions even in distantly 
related microorganisms. Thus, the variability in gene sequence in non-essential regions 
exerts no significant effect on the molecular dynamics of HCN and PCA producers. 
It is, therefore, concluded that the Stenotrophomonas acidaminiphila strain JS-1 and 
Pseudomonas aeruginosa strain JS-11 are novel strains performing multifarious biological 
role. Substantial production of indole acetic acid, siderophores, HCN and PCA as well as 
inorganic phosphate solubilization by these herbicides degrader strains clearly 
demonstrated the wide spectrum biological activities under in vitro conditions. Owing to 
these unique traits, these indigenous strains could serve as potential bioinoculants for 
controlling the region specific environmental and agronomic problems. It will not be too 
provocative and out of context to mention that over the years, the mother nature has 
developed the fool-proof and fmctional mechanisms through evolution of well adopted 
microflora in all components of the environment including soil, to effectively combat the 
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perceptible threats posed by the unplanned industrial, agricultural and human activities. 
The work reported in this thesis on the CFA and herbicides contaminated soil is just the 
tip of the iceberg. Many more microorganisms with novel traits warrant exploration with 
the aim of developing the functional consortia of site specific bioinoculants for 
bioremediation purpose. 
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Appendix 1: Gram staining 
Primary stain 
Solution A 
Crystal violet 2.0 g 
Ethyl alcohol (95%) 20.0 ml 
Solution B 
Ammonium oxalate 0.8 g 
Milli-Q water 80.0 ml 
Solution A and B were then mixed. 
Gram's iodine 
Iodine 1.0 g 
Potassium iodide 2.0 g 
Milli-Q water 300.0 ml 
Counter stain 
Safranin-0 2.5 g 
Ethyl alcohol (95%) 100.0 ml 
Appendix 2: Nutrient broth (gl"') 
Beef extract 1.5 
Yeast extract 1.5 
Peptone 5.0 
NaCI 5.0 
pH 7.2±0.2 
Appendix 3: Methyl red solution 
Methyl red 0.1 g 
Ethyl alcohol (95%) 300 ml 
Milli-Q water 200 ml 
Appendix 4: Voges-Proskauer test 
Solution A 
Alpha-naphthoi 5.0 g 
Ethyl alcohol (absolute) 95.0 ml 
Solution B 
Potassium hydroxide 40.0 g 
Creatinine 0.3 <? 
Milli-Q water 100.0 ml 
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Appendix 5: Barrits Reagent 
Solution A 
a-napthol 5.0 
Ethanol (absolute) 95 ml 
Solution B 
Potassium hydroxide 40.0 
Creatinine 0.3 
Miili-Q water 100 ml 
Appendix 6: Simmon's citrate Agar 
Ammonium dihydrogen phosphate 1.0 
Dipotassium phosphate 1.0 
Sodium chloride 5.0 
Magnesium sulphate 0.2 
Bromothyl blue 0.08 
Agar 15.0 
pH 7.2 
Appendix 7: Nutrient agar 
Beef extract 1.5 
Yeast extract 1.5 
Peptone 5.0 
NaCl 5.0 
Agar 15.0 
pH 7.2 
Appendix 8: Luria Bertani Broth 
Peptone 10.0 
Yeast extracts 5.0 
Sodium chloride 4.0 
Agar 15.0 
pH 7.2 
Appendix 9: Pikovskaya's agar medium 
Tri-calcium phosphate 5 0 
Sucrose 10 o 
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Ammonium sulphate 0.50 
Sodium chloride 0.20 
Manganese sulphate 0.10 
Potassium chloride 0.20 
Yeast extract 0.50 
Mangnese sulphate Trace 
Ferrous sulphate Trace 
Agar-agar 15.0 
pH 7.0±0.2 
Appendix 10: Saboured dextrose Agar 
Glucose 10 
Dextrose 14 
Appendix 11: Basal agar medium 
3-(N-morpholino) propane sulfonic acid 3 g 
NaCl 0.05 g 
KH2PO4 0.03 g 
ammonium chloride (NH4CI) 0.01 g 
L-asparagine 0.05 g 
Appendix 12: CAS indicator solution 
Chrome azurol S CAS 60.5 mg 
FeCl3-6H20 27 mg 
Hexadecyltrimethyl ammonium bromide 72.9 mg 
Appendix 13: King's B Agar 
Protease peptone 20.0 
Dipotassium hydrogen orthophosphate 2.5 
Glycerol 10.0 
Agar 20.0 
pH 7.2 
Appendix 14: Luria Bertani Agar 
Peptone 1 o.O 
Yeast extract 5 0 
Sodium chloride 40 
pH 7.2 
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Appendix 15: Minimal medium (gl-1) 
Ammonium sulphate 1.00 
Dipotassium hydrogen orthophosphate 1.00 
Disodium hydrogen orthophosphate 2.10 
Magnesium sulphate 0.01 
Calcium chloride 0.10 
Ferric chloride 0.001 
Copper sulphate 0.040 
Sodium molybdate 0.002 
